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Analytical and Electroanaiyticai Studies of Synthetic Composites 
Abstract 
Composites are 21st century materials used to meet the demand of improved 
materials and possess a combination of several desirable properties. With time the 
research conducted on studying more properties and improving the manufacturing 
process of composite material has increased. Hybrid materials, which consist of organic-
inorganic materials, are of profound interest owing to their unexpected synergistically 
derived properties because they can present simultaneously both the properties of an 
inorganic molecule besides the usual properties of polymer (an organic molecule) with 
better chemical, mechanical, and thermal stabilities and reproducibility. The composite 
materials possessing ion-exchange properties have recently drawn particular interest 
because ion-e,\change is important for a variety of applications such as water treatment, 
chemical separation, and electrochemical sensing indicating its usefulness in 
environmental applications. 
The emphasis over industrialization is polluting the natuoral water day by day by 
the release of untreated or partially treated water, as well as effluent from sewage 
treatment plant (that are not performing tertiary treatment) cootaining toxic compounds 
into the public sewage or on land. Due to economic as well as good ion-e.\change 
properties composite cation-exchangers will be promising candidates for the removal of 
heavy toxic metal ions over inorganic ion exchangers or organic resins because of their 
inherent drawback in terms of chemical and temperature stability, respectively. 
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Aim of the presented work 
Attainment of real processibility and applicability of 'organic-inorganic' nano 
composite cation exchanger in analytical and electroana!>tical field is the main aim of 
the present work. 
Thus the presented research focussed at exploring the application of polyaniline, 
polypyrrole and PMMA based synthetic nanocomposites i.e. Polyaniline zirconium 
titanium phosphate (PANI-ZTP), Polypyrrole zirconium titanium phosphate (PPy-ZTP), 
Polyaniline zirconium tungstoiodophosphate {PANI-ZWIP) and Poly 
(methylmethacrylate) cerium molyhdate(PMMA-CeMoO^) having excellent ion-
exchange properties. 
The finding of this research has been divided into chapters emphasizing on 
different characteristics and application of the above mentioned synthesized 
nanocomposite materials. 
Chapter 1 
l{A).Genera( Introduction The section of this chapter presents a brief introduction of 
composite materials, ion chromatography, ion selective electrode, conducting and non 
conducting polymers with their historical background and their application in analytical 
science. 
l{b)Xit€rature survey An exhaustive literature survey of synthetic inorganic ion 
exchangers, 'Organic-Inorganic' composite material and important ion selective 
electrodes of analytical utility has been recorded here. 
Chapter 2 
This chapter represents the preparative conditions and physico-chemical 
properties of conducting composite cation-exchange materials PANI-ZTP, PPy-ZTP and 
PANI-ZWIP. The characterization of proposed materials was done by various 
instrumentation techniques like TEM, SEM, FTIR, TGA-DTA, X-Ray, AAS, Elemental 
analysis etc. 
Chapters 
It briefly describes the ion-exchange properties of PANI-ZTP, PPy-ZTP and 
PANI-ZWIP nanocomposites along with their adsorption behavior for heavy toxic metal 
Chapter 4 
In this chapter, we report the electrical conductivity behavior of nanocomposites 
PANJ-ZTP, PPy-ZrP and PANI-ZWIP with increasing temperature by using 4-in-line-
probe dc electrical conductivity measuring instrument. 
Chapter 5 
Here it summarizes the electroanalytical application of prepared nanocomposites 
PANI-ZTP. PPy-ZTP and PANI-ZWIP, having high selectivity for toxic metal ions 
(mercury, thorium and copper) in the field of separation science. Efforts have been made 
to fabricate ion-selective membrane electrode which act as potentiometric sensor having 
high sensitivity and selectivity for selective toxic metal ions. 
Chapter 6 
In this chapter, we propose a new method to prepare poly (methyl methacrylate) 
cerium molybdate (PMMA-CeMo04) nanocomposite by free radical suspension 
polymerization using water as a medium, with in situ 'sol-gel' transformation. The 
morphology, structural properties and electroanalytical application has been discussed. 
Chapter 7 
The chapter focuses on practical applications of PPy-ZTP nanocomposite as 
potention\etric sensor for determination and analysis of cationic surfactant, cetyl 
trimethyl ammonium bromide (CTAB) in aqueous solution. 
Chapter 8 
The chapter presents a relatively simple, rapid, sensitive and selective 
spectrophotometric and electroanalytical method for determination of Thiram using 
prepared nanocomposite cation exchanger PANI-ZTP. 
Chapter 9 
Conclusion and future scope of the presented research work has been drawn. 
Hopefiilly, the findings of this research work will be an encouraging resource for the 
analytical community as well as environmental scientists for further research work in this 
field. 
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Analytical and Electroanalytical Studies of Synthetic Composites 
Abstract 
Composites are 21st century materials used to meet the demand of improved 
materials and possess a combination of several desirable properties. With time the 
research conducted on studying more properties and improving the manufacturing 
process of composite material has increased. Hybrid materials, which consist of organic-
inorganic materials, are of profound interest owing to their unexpected synergistically 
derived properties because they can present simultaneously both the properties of an 
inorganic molecule besides the usual properties of polymer (an organic molecule) with 
better chemical, mechanical, and thermal stabilities and reproducibility. The composite 
materials possessing ion-exchange properties have recently drawn particular interest 
because ion-exchange is important for a variety of applications such as water treatment, 
chemical separation, and electrochemical sensing indicating its usefulness m 
environmental applications. 
The emphasis over industrialization is polluting the natural water day by day by 
the release of untreated or partially treated water, as well as effluent from sewage 
treatment plant (that are not performing tertiary treatment) containing toxic compounds 
into the public sewage or on land. Due to economic as well as good ion-exchange 
properties composite cation-exchangers will be promising candidates for the removal of 
heavy toxic metal ions over inorganic ion exchangers or organic resins because of their 
inherent drawback in terms of chemical and temperature stability, respectively. 
Mme/ 
Aim of the presented work 
Attainment of real processibility and applicability of 'organic-inorganic' nano 
composite cation exchanger in analytical and electroanalytical field is the main aim of 
the present work. 
Thus the presented research focussed at exploring the application of polyaniline, 
polypyn-ole and PMMA based synthetic nanocomposites i.e. Polyaniline zirconium 
titanium phosphate (PANI-ZTF), Polypyrrole zirconium titanium phosphate (FFy-ZTP), 
Polyaniline zirconium tungstoiodophosphate {PANI-ZWIP) and Poly 
(methylmethacrylate) cerium mohjhdi.2i\t{PMMA-CeMo04) having excellent ion-
exchange properties. 
The finding of this research has been divided into chapters emphasizing on 
different characteristics and application of the above mentioned synthesized 
nanocomposite materials. 
Chapter I 
l{a).General Introduction The section of this chapter presents a brief introduction of 
composite materials, ion chromatography, ion selective electrode, conducting and non 
conducting polymers with their historical background and their application in analytical 
science. 
\{b).Literature survey An exhaustive literature survey of synthetic inorganic ion 
exchangers, 'Organic-Inorganic' composite material and important ion selective 
electrodes of analytical utility has been recorded here. 
CItapter 2 
This chapter represents the preparative conditions and physico-chemical 
properties of conducting composite cation-exchange materials PANl-ZTP, PPy-ZTP and 
PANI-ZWIP. The characterization of proposed materials was done by various 
instrumentation techniques like TEM, SEM, FTIR, TGA-DTA, X-Ray, AAS, Elemental 
analysis etc. 
Chapter 3 
It briefly describes the ion-exchange properties of PANl-ZTP, PPy-ZTP and 
PANI-ZWIP nanocomposites along with their adsorption beha\ ior for heavy toxic metal 
ions, 
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Chapter 4 
In this chapter, we report the electrical conductivity behavior of nanocomposites 
PANl-ZTP, PFy-ZTP and PAMI-ZWIF with increasing temperature by using 4-in-line-
probe dc electrical conductivity measuring instrument. 
Chapter 5 
Here it summarizes the electroanalytical application of prepared nanocomposites 
PANl-ZTP, PPy-ZTP and PANI-ZWIP, having high selectivity for toxic metal ions 
(mercuP)', thorium and copper) in the field of separation science. Efforts have been made 
to fabricate ion-selective membrane electrode which act as potentiometric sensor having 
high sensitivity and selectivity for selective toxic metal ions. 
Chapter 6 
In this chapter, we propose a new method to prepare poly (methyl methacrylate) 
cerium molybdate {PMMA-CeMo04) nanocomposite by free radical suspension 
polymerization using water as a medium, with in situ 'sol-gel' transformation. The 
morphology, structural properties and electroanalytical application has been discussed. 
Chapter 7 
The chapter focuses on practical applications of PFy-ZTP nanocomposite as 
potentiometric sensor for determination and analysis of cationic surfactant, cetyl 
trimethyl ammonium bromide (CTAB) in aqueous solution. 
Chapter 8 
The chapter presents a relatively simple, rapid, sensitive and selective 
spectrophotometric and electroanalytical method for determination of Thiram using 
prepared nanocomposite cation exchanger PANI-ZTF. 
Chapter 9 
Conclusion and future scope of the presented research work has been drawn. 
Hopefully, the findings of this research work will be an encouraging resource for the 
analytical community as well as environmental scientists for further research work in this 
field. 
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fji nalytical chemistry is the study of the separation, identification, and 
/L quantification of the chemical components of natural and artificial materials 
[1]. This branch of science has played critical roles in the understanding of basic 
science to a variety of practical applications, such as biomedical applications, 
environmental monitoring, quality control of industrial manufacturing, forensic 
science and so on. It has been important since the early days of chemistry, providing 
methods for determining which elements and chemicals are present in the world 
around us. During this period significant analytical contributions to chemistry include 
the development of systematic elemental analysis by Justus von Liebig and 
systematized organic analysis based on the specific reactions of fiinctional groups. 
Analytical methods can be separated into classical and instrumental [2]. 
Classical methods (also known as wet chemistiy methods) use separations such as 
precipitation, extraction, and distillation and qualitative analysis by color, odor, or 
melting point. Quantitative analysis is achieved by measurement of weight or volume. 
Instrumental methods use an apparatus to measure physical quantities of the analyte 
such as light absorption, fluorescence, or conductivity. The separation of materials is 
accomplished using chromatography or electrophoresis methods. 
The first instrumental analysis was flame emissive spectrometry developed by 
Robert Bunsen and Gustav Kirchhoff who discovered rubidium (Rb) and caesium 
(Cs) in 1860 [3]. Most of the major developments in analytical chemistry take place 
after 1900. During this period instrumental analysis becomes progressively dominant 
in the field. In particular many of the basic spectroscopic and spectrometric 
techniques were discovered in the early 20th century and refined in the late 20th 
century. Also, analytical chemistry has been an indispensable area in the development 
of nanotechnology. Surface characterization instruments, electron microscopes and 
scanning probe microscopes enables scientists to visualize atomic structures with 
chemical characterizations. 
V/ta/>/> 
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l(a).l Material Science 
Material science is an interdisciplinary field involving the properties of matter 
and its applications to various areas of science and engineering. The material of 
choice of a given era is often its defining point; the Stone Age, Bronze Age, and Steel 
Age are examples of this. This is one of the oldest forms of engineering and applied 
science, deriving from the manufacture of ceramics. This science investigates the 
relationship between the structure of materials at atomic or molecular scales and their 
macroscopic properties. With significant media attention focused on nanoscience and 
nanotechnology in recent years, material science has been propelled to the forefront at 
many universities. 
Material science encompasses various classes of materials, each of which may 
constitute a separate field. 
1. Ionic crystals 2. Covalent crystals 
3. Metals 4. Intermetallics 
5. Semiconductors 6. Polymers 
7. Composite materials 8. Vitreous materials 
l(a).2 Composite material 
Society has always wanted and continued to seek materials that are strong, 
tough, and light. In this quest, it was discovered that the macroscopic combinations of 
two or more different materials resulting in a new material with improved properties 
could be described as "composite" [4]. The term "composite materials" may, perhaps, 
be simply defined on the classical definition of a composite material as given in 
Longman's dictionary "something combining the typical or essential characteristics of 
individuals making up a group". 
The concept of composites is very old as it dates back to the times of Israelies, 
800 B.C. and also Egyptian pharaohs in third millennium B.C. who used straw in 
bricks manufacturing as reinforcement. Naturally occurring composites are bone, 
bamboo, feathers, natural fibers, and wood. Bone is an organic-inorganic composite 
of protein (collagen) and minerals (calcium apatite) and bamboo is cellulose 
reinforced by silica. These combinations make a hard material with high impact 
strength. The cellulose cell structure of wood and fiber is bound together with lignin, 
a natural polymeric substance. The first man made composites based upon polymers 
^/ia/)/rr / O 
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appeared in about 5000 B.C. in the Middle East where pitch was used as a binder for 
reeds in boat-building. In 1950s, composites entered the automobile industry when 
they were used in cars because of desirable properties such as strength and durability. 
With time the research conducted on studying more properties and improving the 
manufacturing process of composite material has increased. Thus composite materials 
are those which are formed by combination of two or more materials (reinforcing 
elements, fillers, and composite matrix binder), differ in form or composition on a 
macroscale. Composite materials consist of two separate components, the matrix and 
the filler. 
Composites can be classified into roughly three or four types according to the filler 
types: 
• Particulate-eg. Cement is a metal matrix with ceramic filler. 
• Short fiber- eg. Fiber glass filler for boat panel. 
• Long fiber- eg. Carbon fiber, aramid fiber. 
• Laminate - eg. Formica countertop 
l(a).3 Nanocomposites 
Nanocomposites are composites in which at least one of the phases 
shows dimensions in the nanometre range (Inm ^ 10"'m) [5]. The definition of 
nanocomposite material has broadened significantly to encompass a large variety of 
systems such as one-dimensional, two-dimensional, three-dimensional and amorphous 
materials, made of distinctly dissimilar components and mixed at the nanometer scale. 
They are reported to be the materials of 21 '^ century in the view of possessing design 
uniqueness and property combinations that are not found in conventional composites. 
The general understanding of these properties is yet to be reached [6], even though the 
first inference on them was reported as early as 1992 [7]. 
It has been reported that changes in particle properties can be observed when the 
particle size is less than a particular level, called 'the critical size'[8]. Additionally, as 
dimensions reach the nanometre level, interactions at phase interfaces become largely 
improved, and this is important to enhance materials properties. Further, discovery of 
carbon nanotubes (CNTs) in 1991 [9] and their subsequent use to fabricate composites 
exhibiting some of the unique CNT related mechanical, thermal and electrical 
properties [10-12] added a new and interesting dimension to this area. Nowadays, 
nanocomposites offer new technology and business opportunities for all sectors of 
industry, in addition to being environmentally friendly. 
Nanocomposite materials can be classified, according to their matrix materials, 
in three different categories as shown in Tablel(a).l. 
i. Ceramic Matrix Nanocomposites (CMNC): The potential of ceramic matrix 
nanocomposites (CMNC), mainly the A^Oa/SiC s}'stem, was revealed by the 
pioneering work of Niihara [13]. 
ii. Metal Matrix Nanocomposites (MMI^C) : They show an extraordinary 
potential for application in many areas, such as aerospace, automotive 
industries and development of structural materials [14]. 
iii. Polymer Matrix Nanocomposites (PMNC): Polymers have been filled with 
several inorganic compounds, either synthetic or natural, in order to increase 
heat and impact resistance, flame retardancy and mechanical strength. 
Class Examples 
Metal Fe-Cr/Al203, Ni/A^Oa, Co/Cr, Fe/MgO, Al/CNT, Mg/CNT 
Ceramic Al203/Si02, SiOi/Ni, Al203/Ti02, A^Os/SiC, AI2O3/CNT 
Polymer Thermoplastic/thermoset polymer/layered silicates, 
polyester/Ti02, polymer/CNT, polymer/layered double 
hydroxides 
Table l(a).l Different types of nanocomposite 
l(a).3.1 Conducting Polymer Nanocomposites and their Classification 
Nano-ordered composite materials consisting of organic polymers and inorganic 
materials have been attracting attention for the purpose of the creation of high-
performance or high-functional polymeric materials. Especially, the word of "polymer 
hybrid" claims the blends of organic and inorganic components at nano-level 
dispersion. Significant effort is focused on the ability to obtain control of the 
nanoscale structures via innovative synthetic approaches. The properties of 
nanocomposite materials depend not only on the properties of their individual parents, 
but also on their morphology and interfacial characteristics. Structure-property 
correlations in polymer nanocomposites have been extensively dealt with in a recent 
ti/i(i/)/ef / 
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book [15], which describes the mechanical properties of polymers based on 
nanostructure and morphology. 
Many methods, mostly chemical and electrochemical methods, have been 
described for the preparation of conducting polymer nanocomposites, including 
layered materials and those containing CNTs [16-25]. The most important ones are: 
a) Intercalation of the polymer or pre-polymer from solution 
b) In-situ intercalative polymerization 
c) Melt intercalation 
d) Direct mixture of polymer and particulates 
e) Template synthesis 
f) In-situ polymerization 
g) Sol-gel process. 
It is possible to synthesize a uniform polymer hybrid using "in-situ 
polymerization method" of polymerizing organic monomers as well as forming an 
inorganic matrix by a sol-gel reaction. The merit of this method is that, compared to 
the organic polymer, the monomer has superior solubility and dispersibility, and 
hence it is easy to obtain a more uniform hybrid. The sol-gel reaction makes possible 
to incorporate the organic polymer segments in the net^vork matrix of inorganic 
materials. The interaction between the organic polymer and the inorganic matrix in a 
polymer hybrid can be done by using: 
i. Hydrogen Bonding 
ii. 71-71 interaction 
iii. Ionic interaction 
The inorganic components can be three-dimensional framework systems, such 
as zeolites; two-dimensional layered materials, such as clays, metal oxides, metal 
phosphates, chalcogenides; and even one-dimensional and zero-dimensional 
materials, such as (Mo3Se3-)n, chains and clusters. Nanocomposites based on clay and 
layered silicates have been widely investigated due to the availability of clay starting 
materials and their well-known intercalation chemistry [26].Depending on the nature 
of the components (layered silicate/clay, organic cation and polymer matrix), the 
method of preparation and the strength of interfacial interactions between the polymer 
matrix and the layered silicate/clay, three different types of nanocomposites may be 
obtained, as illustrated in Fig.l(a).l. = _ _ _ 
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matrix and the layered silicate/clay, three different types of nanocomposites may be 
obtained, as illustrated in Fig.l(a).l. 
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Fig.l(a).l Schematic representations of different types of nanocomposite formation 
As shown in Fig.l(a).l, when the polymer is unable to intercalate between the 
silicate/clay sheets, a phase-separated composite i.e. conventional composite is 
obtained, whose properties stay in the same range as that of traditional 
microcomposites. 
The field of Polymer-layered nanocomposites gained impressive attention due 
to their improved properties, like high moduli, increased strength heat resistance and 
biodegradability [27-39], compare to the pure polymer and conventional micro and 
macrocomposites. Polymer-layered nanocomposites are obtained by intercalation of 
the polymer (or a monomer subsequently polymerized) inside the galleries of the 
layered host. Examples include graphite, metal chalcogenides, clays, layered silicate 
(montmorillonite, hectorite, saponite, fluoromica, fluorohectorite, vermiculite and 
kaolinite) and layered double hydroxides. The structural family called 2:1 
phyllosilicate is the most commonly used layered silicate in polymer nanocomposites 
[Fig.l(a).2] 
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Fig. l(a).2 Schematic representation of the structure of 2:1 phyilosiHcates 
In recent years, there has been extensive study of the factors which control 
whether particular polymer nanocomposites can be synthesized as an intercalated or 
exfoliated structure. These factors include the exchange reactions with organic and 
inorganic cations, the polarity of the reaction medium and the chemical nature of the 
interiayer ionic species. Despite their relatively large molecular weights, 
electronically conducting polymers can play the role of intercalated guest molecules 
inserted within the Vander Waals gaps of layered inorganic phases resulting in a 
special class of intercalative nanocomposites. termed as "organic-in-inorganic 
nanocomposites". 
Depending upon the nature of association betweer; the inorganic and organic 
components, these nanocomposites can also be classified into two categories: 
i. Inorganic-organic (I-O) nanocomposites 
In this section, Inorganic nanoparticles can be inti'oduced into the matrix of a 
host-conducting polymer either by some suitable chemical route or by an 
electrochemical incorporation technique, 
ii. Organic-inorganic (O-I) nanocomposites 
A second group of nanocomposite material is constituted by those in which the 
organic polymer is confined into the inorganic layers for a broad range of 
applications. Since the inorganic layered materials exist in great variety 
possessing a well defined, ordered intralamellar space potentially accessible 
by foreign species they can act as matrices or hosts for polymers, yielding 
interesting lamellar "organic-in-inorganic nanocomposite" material. The 
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insertion of conducting polymers in layered inorganic host material and other 
structurally organized environments is a topic of considerable interest. 
l(a).3.2 Application of Nanocomposites 
From the foregoing, it becomes evident that nanocomposite may provide many 
benefits such as enhanced properties, reduction of solid wastes and improved 
manufacturing capability, particularly for packaging applications. As it can be 
observed, the promising applications of nanocomposit(i systems are numerous, 
comprising both the generation of new materials and the performance enhancement of 
known devices such as fuel cells, sensors and coatings. Although the use of 
nanocomposites in industry is not yet large, their massive switching from research to 
industry has already started and is expected to be extensive in the next few years. 
Metal and ceramic nanocomposites are expected to g(inerate a great impact over 
a wide variety of industries, including the aerospace, electrc»nic and military [40]. 
CNT-ceramic composites, on their turn, are reported [41] to be potential 
candidates for aerospace and sports goods, composite minors and automotive spares 
requiring electrostatic painting. Such materials have also been reported [42] to be 
useful for flat panel displays, gas storage devices, toxic gas sensors, Li"^  batteries, 
robust but lightweight parts and conducting paints. Despite these possibilities, there 
are only limited examples of industrial use of nanocomposite, mainly due to the 
challenges in processing and the cost involved, particularly for non-structural 
applications. However, the intense research in both metal- and ceramic-based 
nanocomposites suggests that the days are not far off when they will be actually in 
use. 
On the other hand, polymer-based nanocomposites are in the forefront of 
applications due to their more advanced development status compared to metal and 
ceramic counterparts, in addition to their unique properties. Their major impacts 
appear in battery cathodes [43] microelectronics [44], nonlinear optics [45], sensors 
[46] etc. They can also replace corrosion-prone metals in the building of bridges and 
other large structures with potentially lighter and stronger (:apabilities[47]. Regarding 
the variety of applications of polymer nanocomposites, prominent impacts over the 
automotive industry is more highlighted [48]. Porous polymer nanocomposites can be 
employed for the development of pollution filters [49]. A new high-performance 
/ S 
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anode structure based on silicon-carbon nanocomposite materials could significantly 
improve the performance of lithium-ion batteries used in a wide range of applications 
from hybrid vehicles to portable electronics. 
Fig.l(a).3 Schematic of silicon-carbon nanocomposite granule formed through 
a hierarchical bottom-up assembly process. 
[Annealed carbon black particles are coated by silicon nanoparticles and then 
assembled into rigid spheres with open interconnected internal channels 
(Image courtesy of Gleb Yushin, from google)] 
Some newly emerging applications of nanocomposites are: 
i. Electronic and optoelectronic devices [50-52] 
ii. Electrochemical energy storage [53-58] 
iii. Electro-catalysis [59,60] 
iv. Magnetic applications [61,62] 
l(a).4 Conducting polymers 
Conducting polymers were first discovered in 1976. In the mid 1970s, the first 
polymer capable of conducting elecfricity, polyacetylene, was reportedly prepared by 
accident by Shirakawa. In 1976, Alan MacDiarmid, Hideki Shirakawa, and Alan 
Heeger, along with a group of young students found that conductivity of 
polyacetylene increased by up to 6 orders of magnitude when reacted with iodine 
(from IO"*S/cm to lO^S/cm); this phenomenon, known as doping, is as a result of 
', / 9 
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charge carriers. Since 1976, a number of conducting polymers, namely polypyrrole, 
polythiophene, and polyaniline, become the focus of much study. The importance of 
conducting polymers is exemplified by the awarding of the 2000 Nobel Prize in 
Chemistry to MacDiarmid, Shirakawa, and Heeger, for the discovery and 
development of conducting polymers [63]. This created a new field of research and a 
number of opportunities on the boundary between chemistry and condensed-matter 
physics. Some idea of the conductivities (a) of the material is given in Fig.l(a).4. 
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Fig. l(a).4 Electrical conductivities (Scm ') of some polymers 
Electrically conducting polymers are designated as the fourth generation of 
polymeric materials. They can be classified in to different types on the basis of 
conduction mechanism that renders electrical conductivity to polymers: 
a) Conducting polymer composites 
b) Organometallic polymeric conductors 
c) Polymeric charge transfer complexes 
^(5/ia/)/er / •/O 
d) Inherently conducting polymers 
Leading on from this breakthrough, many small conjugated molecules were 
found to polymerize, producing conjugated polymers, whicJi were either insulating or 
semiconducting in the oxidized or doped state. 
The present study deals with the inherently conducting polymers polyaniline 
and polyprrole, a brief history of these materials are given here. 
l(a).4.1 Polyaniline (PANI) 
The continuously growing interest in the study of PANI over the years is mainly 
because of its diverse, but unique properties of PANI, allowing its potential 
applications in various fields. Among all the conducting polymers, polyaniline is 
known for it's 
a. Ease of synthesis 
b. Environmental stability and 
c. Easy to dope by protonic acids. 
The term Polyaniline corresponds to a class of polymers having up to 1000 
repeat units (also called mers) and was first reported in 1862. Polyaniline is the 
oxidative polymeric product of aniline under acidic conditions and has been known 
since 1862 as aniline black [64]. There are several reports of polyaniline found in the 
literature over the decades about the structure and constitutional aspect of aniline 
polymerization [65]. In the year 1968, Surville et al reported the proton exchange and 
redox properties with the influence of water on the conductivity of polyaniline[66] 
Polyaniline can be synthesized by both chemical and electrochemical oxidative 
polymerization [67,68]. Polyaniline exists in four main oxidation states viz. 
(i) Leucoemeraldine base (ii) Emeraldine base 
(iii) Emeraldine salt (iv) Pemigraniline, 
Schematic representations for which are shown in the Fig.l(a).5. 
l(a).4.1.1 Synthesis of Polyaniline 
The most common synthesis of polyaniline involves oxidative polymerization, 
in which the polymerization and doping occurs concurrently, and may be 
accomplished either electrochemically or chemically. Electrochemical methods tend 
'ia/}ff'r / / / 
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to have lower yields than chemical yields [69]. This research work involves chemical 
synthesis of polyaniline. 
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Fig,l(a).5 Oxidation states of polyaniline 
l(a).4.1.2 Chemical Synthesis 
Synthesis of polyaniline by chemical oxidative route involves the use of either 
hydrochloric or sulfuric acid in the presence of ammonium peroxo-di-sulfate as the 
oxidizing agent in the aqueous medium as shown belo\v [70-73]. The principal 
function of the oxidant is to withdraw a proton from an aniline molecule, without 
forming a strong co-ordination bond either with the substrate / intermediate or with 
the final product. 
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Fig.l(a).6 Reaction scheme for PANI chemical synthesis 
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Polyaniline becomes conducting when the moderately oxidized states, in 
particular the emeraldine base is protonated and charge carriers are generated. This 
process, is generally called as protonic acid doping', which makes polyaniline so 
unique, as no electrons have to be added or removed from the insulating material to 
make it conducting. 
l(a).4.2 Polypyrrole (PPy) 
Among known conducting polymers polypyrrole is most frequently used in the 
commercial applications due to the high conductivity, long term stability of its 
conductivity and the possibility of forming homopolymers or composites with optimal 
mechanical properties. It is known for its stability in the oxidized state and interesting 
redox properties. Conducting polypyrrole can be prepared by various methods such as 
chemical, electrochemical, vapor phase etc. 
l(a).4.2.1 Chemical Synthesis 
Chemical polymerization of pyrrole was first reported in the year 1916 by 
Angeli and his group [74]. They synthesized polypyrrole by the oxidation of pyrrole 
with H2O2. PPy powder as obtained was amorphous in nature and was known as 
pyrrole black. Generally, pyrrole black have been prepared in presence of various 
oxidizing agents like H2O2, Pb02, Quinones or O3. The materials thus obtained by this 
method are mainly insulating in nature with room temperature conductivity 10"'° to 
10" Scm', but after doping with halogenic electron acceptor, the conductivity rises 
to 10"^Scm"'[75]. Various metallic salts such as FeCb, Fe(N03)3, Fe(S04)3, 
K3Fe(CN)6, CuCl2 etc have been employed to polymerize pyrrole with conductivity 
between 10" to 200 Scm' .Ferric salts are the most commonly used oxidizing agents 
for the synthesis of highly conducting PPy, scheme for which is given below in 
Figl(a).7: 
n O +2nFeCl3 CX\^ +2nFea2 + 2nHa «3 
H H 
Fig. 1(a). 7 Reaction scheme for PPy chemical synthesis 
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The transition metal ions, being the electron acceptor, probably forms a donor 
acceptor complex with the ;r-system of pyrrole at the chain initiation step as well as 
the polymer intermediate at the final re-aromatization step. 
Apart from conducting polymers polyaniline and polypyrrole, a nonconducting 
polymer poly(methyl methacrylate) (PMMA) is used in this research work. 
l(a).5 Poly (methyl methacrylate) 
PMMA is a member of a family of polymers which chemists call acrylates, but 
the rest of the world calls acrylics. The first acrylic acid was created in 1843. 
Methacrylic acid, derived from acrylic acid, was formulated in 1865. The reaction 
between methacrylic acid and methanol results in the ester methyl methacrylate. The 
German chemists Fittig and Paul discovered in 1877 the polymerization process that 
turns methyl methacrylate into polymethyl methacrylate. Rohm and Bauer 
polymerized methyl methacrylate (MMA) into transparent sheets in 1932 [76]. Pure, 
atactic poly(methyl methacrylate) (PMMA) is an amorphous plastic with a high 
surface gloss, high brilliance, a clear transparency of 92 % and a refractive index of 
1.49. PMMA is classified as a hard, rigid, but brittle material, with a glass transition 
temperature of 105°C. PMMA has good mechanical strength, acceptable chemical 
resistance, and extremely good weather resistance. PMMA has favorable processing 
properties, good thermoforming, and can be modified with pigments, flame retardant 
additives, UV absorbent additives, and scratch resistant coatings [77] PMMA can be 
produced using a variety of polymerization mechanisms. The most common technique 
is the free radical polymerization of MMA. The free radical polymerization of 
acrylates and methacrylates is a chain polymerization across the double bond of the 
monomer [Fig.l(a).8]. The free radical polymerization of MMA can be performed 
homogeneously, by bulk or solution polymerization, or heterogeneously, by 
suspension or emulsion polymerization. The free radical polymerization of MMA is 
the predominant industrial mechanism to produce PMMA [78,79]. 
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Fig.l(a).8 Reaction scheme for PMMA polymerization 
PMMA has many biomedical uses because of its low m-vivo immune response. 
Today, new derivatives of methacrylates, acrylates and dimethacrylates have 
biomedical applications in bone cements, dental fillings, and hard and soft contact 
lenses. The biggest biomedical use of PMMA, due to its excellent optical properties 
as well as its biomedical inertness, is in the human eye as a permanent implant for the 
intraocular lens following cataract surgery. Hard and soft contact lenses, and optical 
spectacles for eyeglasses, are all made commercially fi-om homopolymers and 
copolymers of PMMA [80,81]. 
l(a).6 Ion exchange chromatography (lEC) 
Ion-exchange chromatography (or ion chromatography, IC) is a process that 
allows the separation of ions and polar molecules based on their charge. It can be used 
for almost any kind of charged molecule including large proteins. This separation 
method is based on ion-exchange process occurring between the mobile phase and 
ion-exchange groups bonded to the support material. In highly polarize ion, additional 
non-ionic adsorption processes contribute to the separation mechanism. It is often 
used in protein purification, water analysis, and quality control. In ion-exchange 
chromatography, the insoluble matrix carries ionic charges that retard the movement 
of molecules of opposite charge. For eg. Depending on the choice of matrix, proteins 
can be separated according to their charge (ion-exchange chromatography), their 
hydrophobicity (hydrophobic chromatography), their size (gel-filtration 
V/u//i/r/ / /o 
chromatography), or their ability to bind to particular small molecules or to other 
macromolecules (affinity chromatography) as shown in Fig.l(a).9. 
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Fig.l(a).9 Three types of matrices used for chromatography 
l(a).6.1 History 
The phenomenon of ion exchange is not of a recent origin. Many million years 
ago it had occurred in various sections of the globe. In Egypt and Greece as well as in 
China, ancient people were clever enough to use some soils, sands, natural zeolites 
and plants as the tools for improving the quality of drinking water by way of desalting 
or softening. Francis Bacon in 1623 brought the intentional use of ion exchange, 
without knowledge of its theoretical nature. Ion methods have been in use since 1850, 
when H. Thompson and J. T. Way, researchers in England, treated various clays with 
ammonium sulfate or carbonate in solution to extract the ammonia and release 
calcium [82,83]. In 1927, the first zeolite mineral column was used to remove 
interfering calcium and magnesium ions from solution to determine the sulfate 
content of water. Gans [84] developed the basis for the synthesis and technical 
application of inorganic cation-exchangers at the beginning of the 20' century. The 
modem version of lEC was developed during the wartime Manhattan Project. A 
technique was required to separate and concentrate the radioactive elements needed to 
make the atom bomb. Researchers chose adsorbents that would latch onto charged 
transuranium elements, which could then be differentially eluted. Ultimately, once 
declassified, these techniques would use new IE resins to develop the systems that are 
often used today for specific purification of biologicals and inorganics. In the early 
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1970s, ion chromatography was developed by Hamish Small and co-workers at Dow 
Chemical Company as a novel method of lEC usable in automated analysis. This later 
led to the formation of Dionex Corp (Dow -Ion Exchange) who led the market in IC 
equipment and developments. IC uses weaker ionic resins for its stationary phase and 
an additional neutralizing stripper, or suppressor, column to remove background 
eluent ions. It is a powerful technique for determining low concentrations of ions and 
is especially useful in environmental and water quality studies, among other 
applications. 
l(a).6.2 Principle 
Ion exchange chromatography retains analyte molecules on the column based 
on coulombic (ionic) interactions. The stationary phase surface displays ionic 
functional groups (R-X) that interact with analyte ions of opposite charge. This type 
of chromatography is further subdivided into cation exchange chromatography and 
anion exchange chromatography. The ionic compound consisting of the cationic 
species M+ and the anionic species B- can be retained by the' stationary phase. 
Cation exchange chromatography retains positively charged cations because the 
stationary phase displays a negatively charged functional group: 
R-XTC+lVrF u R-XTVr+C+B^ 11 
Anion exchange chromatography retains anions using positively charged 
functional group: 
R-XA +IvrB u R-XB +M+A 12 
Ion-exchange equilibrium may be described by two theoretical approaches viz 
(i) Based on law of mass action, and (ii) Based on Donnan theory. 
l(a).7 Ion-Exchange Materials 
Ion-exchangers are classified on the basis of their nature and active 
exchangeable sites. Classifications of ion-exchangres are listed below: 
1. Inorganic Ion-Exchange Materials 
2. Organic Ion-Exchange Materials 
3. Chelating ion-exchange materials 
4. Intercalation Ion-Exchangers 
5. 'Organic-Inorganic' Composite Ion-Exchange Materials 
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l(a).7.1 Applications of ion exchange 
Applications for ion exchange have many current forms, and some of these 
could expand as increased awareness of ion exchange processes continues. In 
addition, as the field of materials engineering continues to produce an ever-increasing 
variety of substances, the potential for creating new, useful ion exchange materials 
grows. 
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Fig,l(a).10 Ionic interactions between the charged molecules and ion exchange resin. 
The current uses of ion exchange are long and numerous, some important are listed 
below: 
^ An application that can hit close to home is in the treatment of water for drinking, 
use (commercial, industrial, and residential), and wastewater treatment. 
4 Ion exchangers can soften the water, deionize it, and even be used in desalination. 
>t Preparation of various acids, bases, salts, and solutions is also aided by ion 
exchange. 
li The recovery of valuable metals is also possible with resins. 
4. Industrial drying of treatment of gases is accomplished often with ion exchange. 
4 The food industry uses ion exchange in a variety of ways, ranging from wine-
making to sugar manufacture. 
•^ In the medical world, dozens of important manifestations of the benfits of ion 
exchange can be found, from development and preparation of key drugs and 
antibiotics, such as streptomycin and quinine, to treatments for ulcers, TB, 
f^Jw/^^^r / /S 
kidneys, and much more. Ion exchange is used to prevent coagulation in blood 
stores and in dextrose, as well. 
The list keeps growing with each passing year. 
l(a).8 Electroanalytical application of 'organic-inorganic' composite materials 
Research aimed at exploring and understanding the analytical and 
electroanalytical application of 'Organic-Inorganic' (Composite Ion-Exchange 
Materials. Recent challenge is to analyse the threat to human life and other living 
things due to hazardous effect of environmental pollutants. The importance of 
monitoring environmental pollutants has recently led to increasing interest in the 
development of novel sensors for the detection of toxic metals. 
l(a).8.1 Toxic effect of heavy metal ions 
Human exposure to heavy metals has risen dramatically in the last 50 years, 
however, as a result of an exponential increase in the use of heavy metals in industrial 
processes and products [Fig l(a).ll]. The most often implicated in human poisoning 
are mercury, nickel, lead, arsenic, cadmium, aluminum, chromium and copper. 
Mercury and lead fulfils no essential function in the humjin body, it can merely do 
harm after uptake from food, air or water. In today's industrial society, many 
occupations involve daily heavy metal exposure, over 50 professions entail exposure 
to mercury alone like physicians, pharmaceutical workers, any dental occupation, 
cosmetic workers etc. Toxicity studies confirm that these metals can directly influence 
human behavior by impairing mental and neurological function, influencing 
neurotransmitter production and utilization and altering numerous metabolic body 
processes. Long-term exposure may result in slowly progressing physical, muscular, 
and neurological degenerative processes that mimic Alzheimer's disease, Parkinson's 
disease, muscular dystrophy, and multiple sclerosis. 
Ion exchanger-incorporated potentiometric memlirane sensors are well-
established analytical tools routinely used for the selective and direct measurement of 
a wide variety of different ions in environmental samples. The key ingredient of any 
potentiometric ion-selective sensor is its ion-selective membrane. 
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Fig.l(a).l 1 Heavy metal contamination in water from various sources 
l{a).9 Membrane: An Introduction 
A complete definition of membrane is given by ^olirm [85], according to him 
it is a phase or structure interposed between two phases or compartments, usually 
heterogeneous, acting as barrier to the flow of molecular and ionic species present in 
the liquids and for vapors containing two surfaces [86].Th(i term heterogeneous has 
been used to indicate the internal physical structure and external physico-chemical 
performance. From this point of view, most of the membranes in general are to be 
considered heterogeneous, despite the fact that, conventionjilly, membranes prepared 
from coherent gels have been called homogeneous. The heterogeneous precipitate 
ion-exchange membranes consists of suitable colloidal ion-exchanger particles as 
electroactive materials embedded in a polymer (inert) binder, i.e., poly(vinyl chloride) 
(PVC), epoxy resin (Araldite). or polystyrene, polyethylene, nylon etc.. have been 
extensively studied as potentiometric sensors and used for the measurement of a wide 
variety of different ions, directly in complex biological arid environmental samples 
[87,88] as it offers great advantages such as speed, ease of preparation and procedure, 
non destructive analysis, wide dynamic range and low cost . Ton serisors employing 
inorganic ion exchangers have been reviewed by Arnold [89] and Buck [90]. 
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Recently, composite materials are used for the fabrication of various electrometric 
sensors for analytical purposes [91,92]. 
The usefulness of a membrane in a mass separation process is determined by its 
selectivity, by its chemical, mechanical and thermal stability and its overall mass 
transport rate. The chemical nature of the membrane material is of prime importance 
when components with more or less identical molecular dimensions and similar 
chemical or electrical properties have to be separated. The chemical, mechanical and 
thermal stability of the membrane determines to a large extent its useful lifetime, 
especially when the feed solution contains strong solvi^nts, strong oxidants and 
extremely low or high pH values, when the process has to be carried out at elevated 
temperatures or when frequent cleaning procedures of the membrane are required. 
The mechanical properties of a membrane are of special significance in pressure 
driven process such as reverse osmosis, ultra filtration, eic. It should be noted that 
plasticizer acts as membrane solvent affecting membrane selectivity and also provide 
mobility of the membrane constituents within the membrane phase. 
l(a).9.1 Ion-Selective Electrodes (ISE) 
l(a).9.1.1Historical Background 
Discovery of the glass electrode for hydrogen ions by Cremer in 1906 
stimulated the making of chemical measurements with physicochemical 
instrumentation. James Ross and Martin Frant of Orion Research are the founding 
fathers of ISEs. The calcium and fluoride ISEs they develojied in the mid-1960s were 
the big bang that started a new era in potentiometric analysis. 
In the early 1960s, Erno Pungor published his first paper on Agl-based 
electrodes and filed a patent on heterogeneous selective membranes with his co-
workers Klara Toth, Jeno Havas, and Geza Madarasz, which were the basis for the 
first commercial solid-state ISEs. Wilhelm Simon, an eminent organic chemist at 
ETH in Zurich (Switzerland), studied on the structure selectivity relationships of 
many synthetic ionophores, plasticizers, and additives allowed him to fabricate novel 
ISEs [93,94].The idea to incorporate all membrane ingredients into a PVC matrix and 
control site density came from the work of Rene Bloch, Adam Shatkay, and H. A. 
Sharoff in 1967. The most important procedure for compounding, casting, drying, and 
mounting PVC sensor membranes was developed by J. D. PLon Thomas and Gwylm J. 
^/i(i/)t('i' / 'J/ 
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Moody in 1970 [95]. Progress in the field has been described in (/o«-) Selective 
Electrode Reviews over 1979 to 1992 [96] and other reviews [97,98]. 
l(a).9.1.2 Theory 
Ion-selective electrodes are mainly membrane-based devices; consist of perm-
selective ion-conducting materials, which separate the sample from the inside of the 
electrode. On the inside is a filling solution containing the ion of interest at a constant 
activity. The membrane is usually non-porous, water insoluble and mechanically 
stable. 
The Ion-Selective Electrodes (ISEs) are commonly known as "Ion Sensors" or 
"Electrochemical Sensors". Depending on the nature of the used membrane material, 
the ion-selective electrodes (ISEs) can be divided into three groups: glass membrane, 
crystal or solid membrane, and polymeric or liquid membrane. Many ISEs are 
commercially available and routinely applied in various fields. This is a very simple 
and practical electroanalytical method, making the application of these devices 
trouble-free and useful. Schematic arrangement of an ISE measurement is shown in 
Fig.l(a).12. 
l(a).9.2 Physico-chemical properties of ion-selective electrodes 
The properties of an ISE are characterized by parameters like: 
(1) Membrane potential 
(3) Response time 
(5) Selectivity 
(7) Reproducibility 
External 
referenc e 
eiecirooe 
(2) Detection limit 
(4) pH effect 
(6) Lifetime 
f 1 
Anaiyte 
soiuoon 
z 
x 
^fe-" 
ISE 
- internal 
reference 
electrode 
Internal 
eiecaoiyie 
soluoon 
- memtwane 
Fig,l(a).12 Diagrammatic presentation of ISE set up. 
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l(a).9.3 Electrode response or membrane potential 
The development and application of ion-selective electrodes (ISEs) continue to 
be exciting and expanding areas of analytical research [99]. The use of ion-selective 
electrodes depends on the determination of potentials. The membrane potential is 
expressed in equation: 
RT kl 
\f^A Jl 1 
.1.3 
Where A = counter ion, Y = co-ion, Z = charge on ions, ty = transference number of 
co-ions in the membrane phase, [aA]i and [aA]2 = activities of the counter ions in the 
solution 1 and 2, a+ = mean ionic activity of the electrolyte. 
If the membrane is considered to be ideally perm-selective membrane (ty = 0) 
then equation (1.1) takes the form of the well-known Nernsi Equation as follows: 
r^i^lnl"^]^ 
.1.4 
The membrane potential measurement is carried out using a cell set up of the 
following type: 
Solution 2 Solution 1 
External Saturated 
Calomel Electrode 
(SCE) 
EL 
Test or 
External Solution 
(2) 
Membrane Internal 
Solution 
EL( 
Internal Saturated 
Calomel Electrode 
(SCE) 
1) 
The e.m.f of this potentiometric cell is given by the following expression: 
Ecell ^ EsCE + EL(2) + Em + EL(I) - EsCE 1.5 
where ESCE, EL and Em refer to Calomel Electrode, junction and membrane potentials, 
respectively. On combining equation (1.1) and (1.2), the following equation takes the 
form-
F -F -F 4-F -i-F + In ''^-^^^ 
^cell 
Z,F [a,] 1.6 AM 
For cation-exchange membrane, 
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RT HT 
^c.//=^i(2)+^£(i)-:7T;ln[aJ,+—-ln[a'J2 1.7 
Furthermore, the values of EL(1) and EL(2) are negligible (due to salt bridge in use), the 
cell potential in above equation may approximately be taken as membrane potential. 
The equation (1.5) reduces to-
1.8 
It is quite clear from equation (1.6) that the cell potential would change with 
the change in concentration (or activity) of the cation in external or test solution 2. At 
25 °C, value of RT/ZAF comes out to be 0.059/ZA volts. The membrane is said to give 
Nemstain response if the slope of a plot between cell potential and log activity comes 
out to be 0.059/ZA volts. A potentiometric sensor is said to be behaving in a Nemstian 
or close to Nemstian fashion, if the slope is ±1-2 mV of the theoretical value. Below 
this range, it is sub-Nemstian and above it, it is hyper-Nernstian. Sensors, which are 
outside the Nemstian range, can still be useful analytically. 
Pungor et al. [100-103] have discussed the parameters detection limit, pH effect 
and reponse time in details. 
l(a).10 Electrical Properties of Materials 
One of the most important aspects of a material is n-iost probably its electrical 
property. This is because of the advances in the electrical properties that have put 
electronic and electrical appliances in our daily life. The electrical behaviours of the 
various materials are divers. In order to explore the electrical properties of materials, 
that is, their responses to an applied electric field, it is necessary to discuss the 
phenomenon of electrical conduction: the parameters by Avhich it is expressed, the 
mechanism of conduction by electrons which involves the charge transfer within the 
composite matrix. 
l(a).10.1 Four-probe resistivity measurement 
Electrical conductivities of composite materials were determined from the 
measurement of resistivity of the samples using the four-probe method for 
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semiconductors. This is the most satisfactory method as it overcomes difficulties 
which are encountered in conventional methods of resistivity measurement (i.e., two 
probe), e.g., the rectifying nature of the metal-semicctnductor contacts and the 
injection of minority carriers by one of the current-carrying contacts, which affects 
the potential of the other contacts and modulates the resistance of the material, etc. In 
this method, four sharp probes are placed on a flat surface of the material, the current 
is passed through the two outer electrodes, and the floating potential is measured 
across the inner pair. The experimental circuit used for measurements is illustrated 
schematically in Fig. l(a).13. 
GALVANOMETER 
DIRECT • -
CURRENT . 
SOURCE — 
NANCAMMETER 
V 
V 
< H 
ra (±4 
V 
* POTENTIOMETER 
* MICROVOLTMETER 
V 
PROBES 
V 
Fig.l (a). 13 Schematic circuit presentation of four-probe set up 
l(a).10.2 Electrical Conduction in Materials 
Electrical conductivity (o) used to specify the electric al character of a material. 
It is simply the reciprocal of the resistivity, or 
1 
G = — 
P 1.9 
and is indicative of the ease with which a material is capabl(j of conducting an electric 
current. Materials show electrical conduction due to the movement of charge carriers 
on application of volatage as given by the equation: 
o ^qn^ J jQ 
Where CT is electircal conductivity of material, n is the number of charge carriers, q 
is the charge and H is drift mobility of charge carriers. Drift mobility characterizes 
the ease with which the charge carriers can move under the influence of applied 
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material. Electrons and holes in the electronic contribute and cations in ionic 
conductors. 
1(a), 10.3 Applications of Electrically Conducting Polymers and Composites 
Research shows that conducting polymers exhibit conductivity from the 
semiconducting range (-10'^ S/cm) right up to metallic conductivity (-lO"* S/cm). 
With this range of electrical conductivity and low density coupled with low cost 
polymeric conductor pose a serious challenge to the established inorganic 
semiconductor technology. The commercial applications are based on the promise of 
a novel material with a combination of properties such as light weight, high 
processibility and good electrical conductivity. Some of the most important potential 
applications of conducting polymers are briefly discussed below: 
> Optical devices 
Optics was certainly one of the first applications of hybrid materials [104-106]. 
Thus, organic: inorganic/ organic: organic hybrid materials with high transparency are 
expected to be new optical materials such as optical fiber, wave-guide and optical 
lens. 
> Electrochromic displays 
This utilizes the electrochemical doping and undoping of conducting polymers. 
The phenomenon of electrochromism can be defined as the change of the optical 
properties of a material due to the action of an electric field. In architecture 
electrochromic devices are used to control the sun energy crossing a window. In 
automotive industry rearview mirrors are a good application for electrochromic 
system. 
> Electromechanical Actuators: 
Conducting polymer actuators were proposed by Baughmann and coworkers 
[107]. Oxidation induced strain of polyaniline and polyp) rrole based actuators has 
been reported. 
> Drug release systems: 
Another application for conducting polymers is controlled release devices. 
Principle used in this application is potential dependence ion transport. This potential 
"^ha/^/cv / ^ 6 
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dependence ion transport is an interesting way to deliver ionic drugs to certain 
biological systems. One can deliver selective ions depending on the requirement. 
> Polymeric batteries 
One of the applications of conducting polymers, which is also a focus of attention 
worldwide, is lightweight batteries. Amongst the conducting polymers, the use of 
conducting PANI blends and composites in rechargeable batteries such as lithium 
batteries is very promising. Recent years have witnessed aggressive interest in lithium 
batteries. 
> Sensors 
Since electrical conductivity of conducting polymers varies in the presence of 
different substances, these are widely used as chemical sensors or as gas sensors. 
Organic or inorganic semiconductors have been reported to change their 
conductivities when exposed to variety of organic and inorganic vapours [108-110], 
the composite materials were found to give more significant and reversible decrease 
in electrical resistance in comparison with sensors constructed solely of tin dioxide or 
polypyrrole. 
Some other important applications of conducting composite materials are: 
• Solar cells • Electroplating 
• Conducting textiles • Bio-sensor 
• Display devices • Photovoltaic cell 
• Optoelectronics • Photo catalysis 
• Adhesives • Filler 
(o/ia/^e/- / ^7 
/^!% uring the last 15 years, the development of 'organic-inorganic' hybrid 
^JJ materials has been an important enterprise for people from very diverse 
origins. Illustrative examples of this versatility are their high-added-value applications 
as coatings for corrosion protection and abrasion resistance, artificial membranes for 
ultra- and nano-filtration, pervaporation and gas separation, catalysts and nanoscopic 
reactors, adsorbents of toxic compounds, biomaterials for osteo-reconstructive surgery 
or ophthalmic, materials with specific optic, electrical and/or magnetic properties for 
telecommunications or information displays, etc. 
One of the important electroanalytical application of tliese composites is their 
use to fabricate Ion-selective electrode (ISEs) for sensing toxic metal ions. The ability 
to make direct or indirect measurements in complex samples without concern about 
sample color or turbidity and the fact that such measurements require relatively 
inexpensive equipment make ISE based techniques attractive to scientists in many 
disciplines. A large number of ion-selective electrodes using ion-exchangers have 
been developed during the past 25 years. The research work on these ion-selective 
electrodes has begun in 1920"s but there systematic studies started after Pungor et al. 
in 1961. 
Literature survey shows the rapid progress in these fields. Although its very 
difficult to compile all the results as numerous work has been done, but attempt has 
been taken to tabulate important of them. 
Indeed, an exhaustive literature survey in this chapter puts into: 
> Synthefic inorganic ion exchanger based on zirconium, titanium and cerium. 
[Table l(b).ll 
> Chronological overview of important 'Organic-Inorganic' Composite 
materials 
[Table l(b).21 
> Chronological overview of important ISEs and their selectivity 
[Table l(b).3] 
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phosphate 
Titanium based ion 
exchangers 
Ti(IV) iodovanadate 
Polyaniline Titanotungstate 
Polyaniline 
Titanium(rV)phosphate 
Sodium iron titanate 
Titanium antimonite 
Titanium antimonite 
Titanium (IV) phosphate 
Titanium (IV) phosphate 
Titanium (IV)tungstosilicate 
Titanium(IV)tungstophosphate 
Titanium (IV) molybdosilicate 
Titanium arsenate 
Titanium molybdate 
Silicotitanate 
THanosilicate ETS-4 
Cerium based ion 
exchangers 
Triton X-] 00 based cerium(IV) 
phosphate 
Polyaniline Ce(IV) molybdate 
Cerium(rV) iodotungstate | 
Cerium tungstate 
Cerium arsenate 
Cerium phosphate sulphate 
Ceric phosphate 
Acrylonitrile Cerium(IV) 
phosphate 
-
-
Semicrystalline 
Amorphous 
Semi crystalline 
H2Ti02Sb03(OH)2 
Crystalline 
a- Tip 
TiO,26(OH)0 47(H2PO4 
)077(HPO4)0 13 .2.3 
H20 
TiWP 
TiWSi 
Semicrystalline 
Amorphous 
Ti(H2S04) .2.5 H2O 
1 Amorphous 
Microporous 
Fibrous 
Semicrystalline 
Amorphous 
Micro-crystalline 
Ce(HAS04)2. 2H2O 
Crystalline 
Ce20(HP04)3.x(S04)x 
Granular 
-
Pb(n) selective 
Cs( I) ion selective 
Methanol sensor 
Heavy metal 
selective 
Rare earth metals 
selective 
V (H) selective 
Cu'^Co^'ANi'^ 
selective 
Cu'" & Pb'" 
selective 
Heavy metals 
selective 
Heavy metals 
selective 
Fe^ ^& Zn^ " 
selective 
Pb(n), Cu(ll) 
Zn(ll), Cd(n) 
selective 
Pb(n),Ba(ir),K(I) 
selective 
Dffusion 
coefficients 
Cd(n) selective 
Hg(II) selective 
Cd(Il) selective 
Separation of the 
'*Sr-"«Ypair 
Co(II)&Eu(HI) 
Li(I),Na(I),Cs(l) 
Na(I),Ag((I), 
Sr(lI),Ca((n) 
Bi, Pb isotopes 
• " 
133 
134 
135 
136 
137 
138 
139 
140 
141 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
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Table l(b).2 
Chronological representation of important 'Organic-Inorganic' Composite materials 
prepared so far 
1 Year Organic polymer 
2010 
Polyaniline 
Poly-o-toluidine 
Polyaniline 
Polyaniline 
Polypyrrole 
Poly-o-methoxyaniline 
Polyaniline 
Poly-o-anisidine 
Poly-o-toluidine 
Poly(methyl 
methacrylate) 
poly(glycidyl 
methacrylate) 
Polyaniline 
poly-o-methoxyaniline 
Polyaniline 
Polyaniline 
Polyaniline 
Polyaniline 
Polyaniline 
Polyaniline 
j Polyaniline 
Polyaniline 
Polyaniline 
Polyaniline 
Poly(ether ether 
ketone) 
Poly(aniline-co-o-
anisidine) 
Organopolysi loxane 
5 i ? ^ 
Polyaniline 
2009 
NyIon-6,6 
Acrylonitrile 
Acrylamide 
Poly-o-anisidine 
Acrylamide 
PMMA 
Inorganic material 
Titanotungstate 
Stannic molybdate 
Titanium(IV)phosphate 
Zirconium titanium phosphate 
Zirconium titanium phosphate 
Zr(lV) Molybdate 
Zirconium tungstoiodo 
phosphate 
Sn(IV) arsenophosphate: 
Sn(lV) tungstate 
Cerium(IV) molydate 
Clay 
Ce(rV) molybdate 
Zr( IV) molybdate 
Palladium nanoparticles 
Mn02 nanoparticles 
CdS 
Humic acid 
Ag nanoparticles 
Cu-montmori 1 lonite 
Coo 5 Zn 0 5 Fe204 
Magnetite 
Chitosan 
Inorganic Oxides 
. Silica 
Manganese oxide 
lonophore ligands (Crown-
ethers: 12-crown-4,15-crown-
5 and 18-crown-6) 
Heteropolyanion 
Sn(lV) phosphate 
stannic{rV) tungstate 
zirconium (IV) arsenate 
Sn(IV) phosphate 
stannic silicomolybdate 
Na+-montmorillonite 
Application 
Cs(l) ion selective 
Heavy metals 
Methanol sensor 
Hg(II) selective 
rh(IV) selective 
Kinetic studies 
Cu(ll) selective 
Pb(II) selective 
Pb(II) selective 
Pb(II) selective 
Reinforcing properties 
Cd(II) selective 
Cd(ll) selective 
Catalytical activity-
oxidation of hydrazine 
Electrochemical 
capacitor 
Hg (11) selective 
Humidity sensing 
Electtrical properties 
Microwave absorption 
properties 
Magnetic properties 
(jiucose sensing 
NH3-sensing 
Ethanol fuel cells 
Electrochemical 
supercapacitor 
Selective for alkaline 
metal ions 
Catalytic activity 
Hg(II) selective 
Pb(ll)selective 
Analytical application 
Electrical behavior 
Separation of metal ions 
Dye adsorption 
References 
155 
156 
157 
158 
159 
160 
161 
I 
162 
163 
164 
165 
148 ! 
118 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 1 
177 
178 
179 
1 
180 
181 1 
182 
183 
184 
185 1 
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Pofyacrylamide 
Macrocyclic diamide 
Nafion 
Poly (acrylic acid) 
Poiy(vinyl alcohol) 
2008 
Poly-o-toluidine 
Cellulose acetate 
Polyacrylamide 
Triton X-100 
Polyvinyl acetate 
Carbon nanotubes 
1 modified by 
' poiyaniline 
Polyvinylpyrrolidone 
Carbon black 
Poiyaniline 
• Poly(2,5-
1 dimethoxyaniline) 
Poiyaniline derivatives 
PMMA 
Nafion 
Parachlorophenol 
Poiyaniline 
2007-
2000 1: 
Poiyaniline 
Poly-o-toluidine 
Poiyaniline 
Poiyaniline 
Polypyrrole 
Poiyaniline 
Polypyrrole/ 
polyantimonic acid 
PMMA 
PMMA 
PMMA 
Poiyaniline 
Ammonium 
molybdophosphate-calcium 
alginate 
\ Apatite 
B203/Ti02 nano composite 
Sulfiir 
Silicon oxide/phosphotungstic 
acid 
Chitosan 
a-zirconium phosphate 
Zr(IV) phosphate 
Zr(rV) molybdophosphate 
Thorium (IV) phosphate 
Cerium(IV) phosphate 
Si02 
Mn02 
1 * 
Barium titanate 
Metallophthalocyanine 
Ti02 
i WO3 
1 
Molybdenum trioxide 
TiOz 
[(ZrO2)(SiO2)0 67] 
Tin antimonate 
Zn-Al layered double 
hydroxide 
i 
Sn(rV) arsenophosphate 
Th(IV) phosphate 
Sn(lV) phosphate 
Sn(IV) tungstoarsenate 
Th(IV) phosphate 
Sn(IV) tungstoarsente 
i Forsterite 
Hydroxyapatite 
Clay 
Manganese oxide 
Rb(l) and Cs(I) selective 
Pb(II), U02(II) and 
Th(IV) 
Preconcentration and 
separation of cadmium 
Cd(II) selective 
Proton conductivity 
Ammonium removal 
Hg(ll) selective 
Heavy metal separation 
Pb(ll) selective 
Enhanced 
electrochemical stability 
Dielectric properties 
Organic vapors and 
NHssensing 
QCM sensor 
Humidity sensitive 
Aldehyde gases sensors 
Organic vapor 
absorption 
Proton conducting 
Bi(III)andCu(II) 
selective 
PKII) selective 
Hg(II) selective 
Hg(Il) selective 
Hg(II) selective 
Pb(ll) selective 
Cd(II) selective 
Electrical property 
Machining property 
Biomedical 
Applications 
Used in capacitor 
186 
187 
188 
189 
190 
191 
192 ! 
193 
194 
195 j 
147 
196 
197 
198 
199 
200 
201 
1 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
i 
214 
215 j 
216 " ^ 
217 
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\ Porasil 
! Graphite column 
PAN [I-{2-pyridyIazo 
2-napthol)] 
Phenyl 
n-ph^l amine 
j Diethanol amine 
Monoamine 
Phenyl 
p-chlorophenol & 
o-chlorophenol 
Pyridinium 
Polyaniline 
8-Hydroxyquinoline 
Ferrochrome Black-T 
Zinc silicate 
a & y Zirconium phosphate 
Zirconium fdio^)hate 
Tin(IV),Fe(III) 
a-Sn(HP04)2.H20 
Zirconium diphosphonate 
phosphate 
Zr(IV) tungstate 
Tungstoarsenate 
Zirconium tungstophosphate 
Metal ion 
Separation 
Metal ion 
Separation 
Pt(IV), 
Au(III) 
Intercalated exchanger 
[a-Zr(P04) 
(H2P04).2H20] 
-
-
-
Cs(I) 
-
Rb(nXCs(I) 
La(ni),U02^ 
218 
219 
220 
221 
i 
222 i 
223 
224 
225 
226 
227 
228 
Table l(b).3 
Chronological representation of important Ion-selective electrode (ISE) prepared so 
far 
1 Year Material 
2010 
Polyaniline Zirconium titanium phosphate 
Polypyrrole Zirconium titanium phosphate 
Poly(methyl methacrylate)Ce(IV) molybdate 
Poly-o-anisidine Sn(IV) arsenophosphate: 
PoIy-o-Toluidine Sn(IV) tungstate 
Polyaniline Humic acid 
Carbon composite PVC-based membrane 
1 l,3-bis(N'-ben2oylthioureido)benzeneand l,3-bis(N'-
f furoylthioureido)benzene 
2-amino-1,4-naphthoquinone 
3-deoxy-d-eiythro-hexos-2-ulose bis (thiosemicarbazone) 
l-(2-thiazolylazo)-2- naphthol 
1 -pheny 1-3 -pyridin-2-y l-thiourea 
5-(4'-nitrophenylazo)25,27-bis(2-propyloxy)26,28-
dihydroxycalix[4]arene 
N,N'- propanediamide bis(2-salicylideneimine) 
Chelating ion exchanger 
j , l,12,14-triaza-5,8-dioxo-3(4),9(10)-
* dibenzoylcyclopentadeca-1,12,14- triene 
Selectivit} 
Hg(II) selective 
Th(IV) selective 
Cd(II) selective 
Pb(II) selective 
Pb(n) selective 
Hg (II) selective 
Pb(M) 
Pb(II) 
Indium(lII) 
Ba(ni) 
Tm(III) 
Fe(UI) 
Cs(I) 
Ai(ni) 
Pb(II) 
Zn(II) 
Reference 
158 
159 
164 
162 
163 
169 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
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Novel pendant armed macrocycle 
, 2-amino-3-(a-N-phenylmethyl-2'-amino-r,4'-
1 naphthoquinonyl)-1,4 naphthoquinones 
N,N'-bis(4-hydroxysalicylidene)-l-3-phenylenediamine 
1,1 '-(iminobis(methan-1 -yl-1 -ylidene))dinaphthalen-2-ol 
Trihexadecylalkylammonium iodides 
2009 
Nylon 6,6-Sn(IV) phosphate 
Carbon composite-PVC based membrane 
Sulfur-containing macrocyclic diamide 
Benzo-substituted macrocyclic diamides 
Pendant armed macrocycle 
N-Phenylaza-15-Crown-5 
Coated graphite electrode 
13-bis(2- methoxybenzene)triazene 
l-furan-2-yl-4-(4-nitrophenyl)-2-phenyl-5H-imidazole-3-
oxide 
Macrocyclic tetraimine Schiffs bases 
B is-benzi 1th iocarbohy drazide 
N,N'-bis (salicylidene)-!, 2-cyclohexanediamine 
2008 
Poly-o-toluidine Zr(IV) phosphate 
PVC membrane-based thoron 
i N, N-Dimethyl-N', N"-bis(4-
* ; methoxyphenyOphosphoramidate 
N-(2-hydroxyethyl)ethylenediamine-N,N',N"-triacetic 
acid 
2-[(2-mercaptophenylimino)methyl]phenol 
Calixarene in poly(vinyl chloride) 
Cd(II) Schiff base complexes 
Poly(4-vinyl pyridine) 
t-butyl thiacalix[4]arene and thiacalix[4]arene 
Polyaniline-carboxylated PVC composites 
2007-2000 
Polyaniline Sn(IV) arsenophosphate 
Poly-o-toluidine Th(IV) phosphate 
Polyaniline Sn(lV) phosphate 
Polyaniline Sn(IV) tungstoarsenate 
Polypyyrole Th(IV) phosphate 
Ce(lV) 
Ga(III) 
Praseodymium 
Fean) 
Iodide selective 
Hg(II) selective 
Chromium 
Cd(ll) 
Pb(II) selective 
Co(II) 
Fe(II) 
Gd(Ill) 
Hg (II) selective 
Hg(H) selective 
Dy(III) 
Fe(lll) 
Ai(ni) 
Hg(II) selective 
Zirconium 
Terbium(III) 
Fe(III) 
Strontium 
Co(II) 
Iodide 
Hg(n) 
cdai) 
Ammonia sensor 
Pb(Il) 
Hg(ID 
Hg(II) 
Hg(ID 
Pb(II) 
239 
240 
241 
242 
243 
180 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
193 ^ 
255 
256 1 
257 1 
1 
I 
258 
259 
260 
261 
262 
263 
212 
213 
214 
215 
216 1 
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Polyaniline Sn(IV) tungstoarsente 
l-hydroxy-3,4-dimethyIthioxanthone 
PentaazamacrocycHc manganese complex 
Mercury-salen 
Butane-2,3-<lione bis(salicylhydrazonato)zinc(II) comple 
Diamine donor ligand 
edQ'lene glycol-functionalized polymeric microspheres 
Cyclic tetrapeptide 
dibenzo-24-crown-8 in PVC matrix 
1,3-altemate thiacalix[4]biscrown-6,6 
Tetraethyl thiuram disulfide 
Glyoxal bis(2-hydroxynil) 
4-dimethyl amino bezobenzene 
Triiodomercurate modified carbon paste 
Ethyl-2-benzoyl-2-phenylcarboxyl acetate 
bis [5-{(4-nitrophenyl) azo salicaiadehyde}] 
p-tertbutylcalyx (4) crown derivatives 
8- (dodecyloxy quinoline-2-carboxylic acid) 
f i 5, 5'-dithiobis (2-nitrobenzoic acid) dimethyl 
' benzotetrathiafiilvalene 
dimethylene bis (4-methyl piperidinethiocabamate) 
Diaza-18-crown-6 units thioamide functionlized calyx 
Poiypyrazolyl methanes 
SchifTs base bis-2-thiophenal propandiamine 
3,6,9,14-tetrathiabicyclo[9,2, i ] tetra deca-11,13-diene 
Poly (glycidyl methacrytate-co-ethylene dimethacrylate) 
Benzosubstituted macrocytic diaramides 
Ester derivative of 4-tert-butylcalix[8] 
Cd(II) 
Cu(II) 
Mn(n) 
Triiodide 
Thiocyanate 
Hg(II) 
Cs(D 
Cu(II) 
Zn(II) 
Cs(I) 
Cu(II)&Hg(II) 
Cr (III) 
Cr(III) 
Hg(ll) 
Hg(U) 
Hg(II) 
Hg(n) 
Pb (H) & Cu (II) 
Pb(II) 
Pb (11) 
Pb(II) 
Cu(II) 
Cii(II) 
Cu(II) 
Cu(n) 
Zn(II) 
si<n) 
217 
264 
265 
266 
267 ~1 
268 
269 
270 1 
271 1 
272 
273 
274 
275 
276 
277 
1 
278 
279 i 
280 
281 
282 
283 
284 
285 1 
286 
287 i 
288 
289 
From the literature survey, it can be inferred that 'organic-inorganic'composite 
has given fire to the research of composite materials. Furthermore, the explosive 
growth in computer power during the last 15 years helps materials engineers work 
much more efficiently in developing useful compounds. This literature review 
summarized the most considerable ISEs practical applications concerning the anionic 
and cationic determination. Rapidity and simplicity in operation and preparation, low 
cost, comparatively fast responses, very low detection limit, wide dynamic ranges and 
satisfactory selectivity were among the ISEs advantages. 
Wid/dcr / , y j 
^u^ m^u^. m.0:mii6 ,^smc 
References 
1. F. James Holler, Douglas A Skoog, Donald M.West, Fundamentals of 
Analytical Chemistry. Philadelphia, 1996. 
2. Timothy A Nieman, Douglas A Skoog, F. James Holler, Principles of 
Instrumental Analysis. Pacific Grove, 1998. 
3. Analytical Sciences, Basic Education in Analytical Chemistry 17 (2001). 
4. Terry Richardson, Composites: A design guide, Industrial Press Inc 200 
Madison Avenue, New York, 1987. 
5. R. Roy, R. A. Roy, D.M. Roy, Materials Letters 4 (1986) 323. 
6. D. Schmidt, D. Shah, E.P. Giannelis, Current Opinion in Solid State & 
Materials Science, 6 (2002) 205. 
7. H. Gleiter, Nanostructured Materials 1 (1992) 1. 
8. 0. Kamigaito, Journal of Japan Society of Powder Metalurgy, 38(1991) 315. 
9. S. lijima. Nature, 354 (1991) 56. 
10. Z. Ounaies, C. Park, K.E. Wise, E. J. Siochi, J. S. Harrison, Composites Science 
and Technology, 63 (2003) 1637.10. 
11. M. C. Weisenberger, E. A. Grulke, D. Jacques, T. Ramtell, R. Andrews, Journal 
of Nanoscience and Nanotechnology, 3 (2003) 535. 
12. A.B. Dalton, S. Coolins, E. Muiioz, J.M. Razal, V.H. Ebron, J.P. Ferraris, 
Nature 423 (2003) 703. 
13. K. Niihara, Journal of the Ceramic Society of Japan 99(1991), 974. 
14. S. C. Tjong, G. S. Wang, Materials Science and Engineering: A. 386 (2004) 48. 
15. J. Karger-Kocsis, Z. Zhang, In: J. F. Palta Calleja, G. Michler, Mechanical 
properties of polymers based nano structure morphology. New York: Marcel 
Dekker, 2004. 
16. H. G. Jeon, H. T. Jung, S. W. Lee, S. D. Hudson, Polymer Bulletin, 41 (1998) 
107. 
17. P. Aranda, E. Ruiz-Hitzky, Chemistry of Materials, 4 (1992) 1395. 
18. D. J. Greenland, Journal of Colloid Science, 18 (1963) 647. 
19. A. Usuki, Y. Kojima, M. Kawasumi, A. Okada, Y. Fukushima, T. Kurauchi, O. 
Kamigaito, Journal of Materials Research, 8 (1993) 1179. 
20. P. B. Messersmith, E. P. Giannelis, Chemistry of Materials, 5 (1993) 1064. 
^^en^mfu^.m.^Xi^ ,WIM3^^ 
21. M. Okamoto, S. Morita, H. Taguchi, Y. H. Kim, T. Kotaka, H. Tateyama, 
Polymer, 41 (2000) 3887. 
22. P. B. Messersmith, E. P. Giannelis, Chemistry of Materials 6 (1994) 1719. 
23. R. A. Vaia, E. P. Giarmelis, Macromolecules, 30 (1997) 8000. 
24. W. Fernando, K. G. Satyanarayana. Journal of Colloid and Interface Science, 
285(2005)532. 
25. C. V. Avadhani, Y. Chujo, Applied Organometalic Chemistry, 11 (1997) 153. 
26. M. Ogawa, K. Kuroda, Bulletin of the Chemical Society of Japan 70(1997) 
2593. 
27. J.W. Gilmann. Appied Clay Science 15(1999) 31. 
28. R.K. Bharadwaj, Macromolecules 34 (2001) 9189. 
29. S. Bourbigot, M. LeBras, F. Dabrowski, J.W. Gilman, T. Kashiwagi, Fire and 
Materials 24(2000) 201. 
30. S.S. Ray, K.Yamada, M. Okamoto, K. Ueda, Nano Letters 2(2002)1093. 
31. E.P. Giannelis, R. Krishnamoorti, E. Manias, In:Polymers in confined 
environments. Book Series: Advances in polymer science, 1999. p. 107-147. 
32. P.C. LeBaron, Z. Wang, T.J. Pinnavaia, Applied Clay Science 15(1999) 11. 
33. RA Vaia, G Price, P.N.Ruth, H.T.Nguyen, J. L-ichtenhan, Applied Clay Science 
15(1999)67. 
34. M. Biswas, S.S. Ray.New polymerization techniques and synthetic 
methodologies. Book series: Advances in polymer science, 2001. p. 167-221. 
35. E.P. Giannelis, Applied Organometalic Chemistry 12(1998)675. 
36. R. Xu, E. Manias, A.J. Snyder, J. Runt, Macromolecules 34(2001)337. 
37. P. B. Messersmith, E. P. Giannelis, Journal of Polymer Science Part A- Polymer 
Chemistry 33(1995)1047. 
38. J.W. Gilman, C.L. Jackson, A.B. Morgan, Jr. R Harris, E. Manias, E.P. 
Giannelis, Chemistry of Materials 12(2000)1866. 
39. Yano K, Usuki A, Okada A, Kurauchi T, Kamigaito 0. Journal of Polymer 
Science Part A- Polymer Chemistry 31(1993)2493. 
40. A. A. Voevodin, J. S. Zabinski, Composites Science and Technology, 65 (2005) 
741. 
41. 0. Breuer, U. Sunderraj, Polymer Composites, 25 (2004) 630. 
^)/ia/)/ef / 37 
42. M. Terrones, Annual Review of Materials Research, 33 (2003). 
43. L. F. Nazar, Z. Zhang, D. Zinkweg, Journal of the American Chemical Society, 
114(1992)6239. 
44. J. K. Vassilliou, R. P. Ziebarth, F. J. Disalvo, Chemistry of Materials. 2 (1990) 
738. 
45. L. L. Beecroft, C. K. Ober, Chemistry of Materials, 9 (1997) 1302. 
46. G. Cao, M. F. Garcia, M. Aleala, L. F. Burgess, T. E. Mallouk, Journal of The 
American Chemical Society, 114 (1992) 7574. 
47. P. J. Schubel, M. S. Johnson, N. A. Warrior, C. D. Rudd, Composites Part A -
Applied Science and Manufacturing 37 (2006) 1757. 
48. C. Swearingen, S. Macha, A. Fitch, Journal of Molecular Catalysis A -
Chemical, 199(2003)149. 
49. H. Fischer, Materials Science and Engineering: C, 23 (2003) 763. 
50. V. L. Colvin, M. C. Schlamp, A. P. Alivisatos, Nature, 370 (1994) 354. 
51. C. Zhang, D. Braun, A. J. Heeger, J. Appl. Phys., 73 (1993) 5177. 
52. A. Hasselbarth, A. Eychmuller, H. Weller, Chem. Phys. Lett., 203 (1993) 271. 
53. K. Ogura, N. Endo, M. Nakayama, J. Electrochem. Soc, 145 (1998) 3801. 
54. K. Kawai, N. Mihara, S. Kuwabata, S.P. Armes, J. Electrochem. Soc, 137 
(1990)1793. 
55. H. Yoneyama, Y. Shoji, J. Electrochem. Soc, 137 (1990) 3826. 
56. Chai-Won Kwon, A. Poquet, S. Momet, Guy Cmpet, J. Portier, Jin-Ho Choy, 
Electro Chem. Comm., 4 (2002) 197. 
57. C. Arbizzani, M. Mastragostino, M. Rossi, Electro Chem. Comm., 4 (2002) 545. 
58. Jong-In Hong, In-Hyeong Yeo, Woon-Kie Paik, J. Electrochem. Soc, 148 
(2001) 156. 
59. C. T. Hable, M. S. Wrighton, Langmuir, 7 (1991) 1305. 
60. A. A. Athawale, B. Deore, Proceedings of Polymers, 99: Int. Symp. on 
Polymers Beyond AD 2000, New Delhi, India, (1999) 792. 
61. Nano-Magnetism, Hernando, A. Ed, Kulwer Academic Publishers: Dordrecht, 
The Netherlands (1993). 
62. R. Weissler, M. Papicov, Rev. Magn, Reson. Med., 4 (1992) 1. 
V/ia/)kf cJcS 
63. E J. Shirakawa, A. G. Louis, C. K. Macdiarmid, A. Chiang, J. Heeger, Chem. 
Commun., 578(1977). 
64. H. Letheby, J. Am. Chem. Soc, 15 (1862) 161. 
65. A. G. Green, A. E. Woodhead, J. Chem. Soc, 97 (1910) 2388. 
66. R. Surville, M. Josefowicz, L. T. Yu, J. Perichon, R. Buvet, Electrochim. Acta., 
13(1968)1451. 
67. N. Gospodinova, L. Terlemezyan, Prog. Polym. Sci., 23 (1998) 1443. 
68. Y. Cao, P. Smith, A. J. Heeger, Synthetic Metals, 48 (1992) 91. 
69. C. Sivakumar, A. Gopalan, T. Vasudevan, T.C. Wen, Synth. Met. 126 
(2002)123. 
70. J. C. Chiang, A. G. Macdiarmid, Synthetic Metals, 13 (1986) 193. 
71. S. P. Armes, J. F. Miller, Synth. Metals, 22 (1988) 385. 
72. Y. Cao, A. Andreatta, A. J. Heeger, P. Smith, Polymer, 30 (1989) 2305. 
73. D. C. Trivedi, Handbook of Organic Conductive Molecules and Polymers; 2, 
Chapter 12, Ed H. S. Nalwa, John Wiley & Sons. 
74. A. Angeli, L. Alessandri, Gazz.Chim.Ital. 46 (1916) 283 
75. H. S. Nalawa, L. R. Dalton, W. F. Schmidt, J. G. Rebe, Polym. Commun. 27 
(1985) 240. 
76. M. Stickler, T. Rhein, "Polymethacrylates" In Ullmann's Encyclopedia of 
Industrial Chemistry, 5th Ed., Elvers, B.; Hawkins, S.; Schultz, G. Eds., VHS: 
New York, A21 (1992) 473. 
77. M. Stickler, Ibid Rhein, B. B. Kine, R. W. Novak, "Acrylic and Methacryhc 
Ester Polymers" In Encyclopedia of Polymer Science and Engineering, Wiley, 
New York, (1985) 262. 
78. M. Stickler, T. Rhein, "Polymethacrylates" In Ullmann's Encyclopedia of 
Industrial Chemistry, 5th Ed., Elvers, B.; Hawkins, S.; Schultz, G. Eds., VHS: 
New York, A21 (1992) 473. 
79. B. B. Kine, R. W. Novak, "Acrylic and Methacrylic Ester Polymers" In 
Encyclopedia of Polymer Science and Engineering, Wiley, New York, (1985) 
262. 
80. M. Stickler, T. Rhein, "Polymethacrylates" In Ullmann's Encyclopedia of 
Industrial Chemistry, 5th Ed., Elvers, B.; Hawkins, S.; Schultz, G. Eds., VHS, 
New York, A21 (1992) 473. 
B y^yr/' / 39 
me>ru. m^u^. m.m:m^ s^smc 
81. B. B. Kine, R. W. Novak, "Acrylic and Methaciylic Ester Polymers" In 
Encyclopedia of Polymer Science and Engineering, Wiley, New York, (1985) 
262. 
82. H. S. Thompson, J. Roy, Agr. Soc. Engl., 11 (1850) 68. 
83. J. T. Way, J. Roy; Agr. Soc. Engl., 11 (1850) 313. 
84. R. Gans, J. Preuss, Geol. Landesanstalt (Berlin), 26 (1905) 179; 27 (1906) 63. 
85. K. Soliner, Electrochemistry in Biology and Medicines, T. Shedlobsy, (Ed.), 
New York, Wiley, 50 (1955). 
86. N. Lakshminarayaniah, Transport Phenomena in Membranes, Academic Press, 
New York, (1969). 
87. M. R.Ganjali, F. Faridbod, P. Norouzi, African Journal of Biotechnology 6 
(2007) 2960. 
88. E. Pretsch, Anal. Chem. 74 (2002) 420A-^126A. 
89. M.A. Arnold, M. E. Meyerhoff, Anal. Chem. 56 (1984) 20 R. 
90. R.P. Buck, E.Lindner, Pure Appl. Chem. 66 (1994) 2527. 
91. S. Peper, C. Gonczy,W. Runde, Talanta 67(2005) 713. 
92. B.P.J. Lacy Costello, P. Evans, R.J. Ewen, J. Mater. Chem. 6 (1996) 289. 
93. D. Ammann, W. E. Morf, P. Anker, P. C. Meier, E, Pretsch, W. Simon, lon-
Sel. Electrode Rev., 5 (1983) 392. 
94. P. Buhlmann, E. Pretsch, E. Bakker, Chem.. Rev., 98 (1998) 1593 1687. 
95. G. J. Moody, R. B. Oke, J. D. R. Thomas, Analyst, 95 (1970) 910. 
96. J. D. R. Thomas, Ed. Ion-Selective Electrode Revs., 1-9 (1979-1987), Selective 
Electrode Revs., 10-14, Pergamon Press, Oxford (1988-1992). 
97. A. K. Covington (Ed.), Ion-Selective Electrode Methodology, CRC Press, Boca 
Raton (1979). 
98. J. D. R. Thomas, Analyst, 116 1211 (1991) 119 203 (1994). 
99. E. Lindner, Z. Niegreisz, K. Toath, E. Pungor, T. R. Berube, R. P. Buck, J. 
Electroanal. Chem., 259 (1989) 67. 
100. E. Linder, K. Toth, B. Pungor, Anal. Chem. 48 (1976) 1071. 
101. K. Toth. E. Linder, E. Pungor, 3rd Symposium on Ion-Selective Electrodes, 
Matrafured,(1980). 
O/ia/j/er / ^O 
102. B. Pungor, Y. Umezawa, Anal. Chem., 55 (1983) 1432. 
103. F. Pungor, Talanta, 44 (1997) 1505. 
104. J. D. Mackenzie, D. R. Ulrich (Eds.) Sol-Gel Optics, Proc. SPIE (1990) 1328 
(1992)1758(1994)2288. 
105. R. Gvishi, U. Narang, G. Ruland, D. N. Kumar, P. N. Prasad, Appl. Organomet. 
Chem., 11(1997)107. 
106. J. G. Winiarz, L. Zhang, M. Lai, C. S. Friend, P. N. Prasad, Chem. Phys., 245 
(1999)417. 
107. R. H. Baughmann; Synth. Met. 78 (1996) 339. 
108. J. J. Miasic, A. Hooper, B. C. Tofield, J. Chem. Soc, Faraday Trans., I, 82 
(1986)1117. 
109. T. Maekawa, J. Tamaki, N. Miura, N. Yamazoe, S. Matsushima, Sens. Actuat. 
B Chem., 9 (1992) 63. 
110. J. Gardner, E. Mines, H. C. Tang, Sens. Actuat. B: Chem., 9 (1992) 9. 
111. M.M. Abd El-Latif, M.F. Elkady, Materials Research Bulletin (In press) 
112. Pankaj Sharma, Neetu, Desalination (In press) 
113. T. Rakesh, Uma Chudasama, J. Sci.Indst. Res. 68 (2009)312-318. 
114. M.M. Abd El-Latif, M.F. Elkady, Desalination 255 (2010) 21-43. 
115. T. Rakesh, Uma Chudasama, Green Chemistry Letters and Reviews 2 2009) 61-
69. 
116. Dengwei Jing and Liejin Guo, J. Phys. Chem. C 111 (2007) 13437-13441 
117. Syed Ashfaq Nabi, Mu. Naushad, Colloids and Surfaces A: Physicochemical 
and Engineering Aspects 316 2008) 217-225. 
118. Inamuddin, Yahya A. Ismail Desalination 250 (2010) 523-529. 
119. M.M.A. Mesalam, I.M. El-Naggar, Toll. Surf A, Physico. Engg. Asp. 215 
(2003)205-211. 
120. G.H. Nancollas and V. Pekarak; J. Inorg. Nucl. Chem., 27,1409 (1965) 
121. L.G. Nagy, G. Torok, N. Vajda and I. Gerlej; J. Radioanal. Chem., 58, 215 
(1980). 
122. J. Albertsson; J. Acta Chem. Scand., 20,1689 (1966). 
^fia/^tei' / 4-'/ 
123. R. Kataoka, Y. Watanabe and Y. Yamabe; Jpn. Kokai Tokyo Koho, 8003, 337 
(1970). 
124. M. Zomain, T. Shaheen and A. Dyer; J. Radioanal. Nucl. Chem., 182, 332, 335 
& 345 (1994). 
125. A.A. Khan, Ram Niwas and K.G. Versliney; P.K. Parshar & K.T. Nasim. Ind. 
J. Chem. 4 (1997). 
126. A.A. Khan, Ram Niwas and K.G. Vershney; Ind. J. Chem. 37A(1998) 469. 
127. Asif All Khan, Inamuddin,Shakeel A. Khan, Waqar A. Siddiqui, Talanta 
(2007). 
128. A.P. Gupta and P.K. Varshney; React. Polym., 31 (1996) 111. 
129. F. Sebesta and V. Stefula; J. Radioanal. Nucl. Chem., 140(1) (1990) 15. 
130. S.A. Nabi, Naushad, Inamuddin Coll. Surf. A: (2007). 
131. K.G. Varshney, A.A. Khan and U. Gupta; Coll. Surf. A: Physico-chem. Engg. 
Asp., 69 (1993) 265. 
132. A.A. Khan, Inamuddin, Tabassum Akhtar , Electrochimica Acta Vol 53 
(2008)5540-5548. 
133. Syed Asfaq Nabi, Mu. Naushad, Chemical Engineering Journal 158 (2010) 100-
107. 
134. M. El-Naggar, E.S. Zakaria, I.M. Ali, M. Khalil, M.F. El-Shahat, Arabian 
Journal of Chemistry (In press) 
135. Asif Ali Khan, Mohd. Khalid, Umair Baig, Reactive and Functional Polymers, 
70(2010)849-855. 
136. Marceline N. Akieh, Manu Lahtinen, Ari Vaisanen, Mika Sillanpaa, Journal of 
Hazardous Materials 152 (2008) 640-647. 
137. E.S. Zakaria, Ismail M. Ali, I.M. El-Naggar, Coll. Surf A: Physico. Chem. 
Engg. Asp., 210 (2002) 33-40. 
138. M. Qureshi and V. Kumar; J. Chromatogr; 62, 431 (1971). 
139. K.M. Parida, B.B. Sahu and D.P. Das, J. Coll. Interp. Sc, 270 (2004) 436-445. 
140. A. Clarifield, A. Borlun, L.N. Bartun, Strelko, Wast. Mngm. 18 (1998) 203-210. 
141. Zia Md. Siddiqi, D. Pathania, J. Chromat. A, 98 (2003) 147-150. 
142. S.A. Nabi, Shalla, A.M. Khan, S.A. Ganic, Coll. Surf A. 302 (2007). 
143. M. Qureshi and S.A. Nabi; J. Inorg. Nucl. Chem., 32, 2059 (1970). 
^eru, m^u^. m.^Xiii ^smc 
144. M. Qureshi and H.S. Rathore; J. Chem. Soc. Sect. A, 2515 (1969). 
145. Alan Dyer, Jon Newton, Luke O'Brien, Scott Owens, Microporous and 
Mesoporous Materials 117 (2009) 304-308. 
146. Telmo R. Ferreira, Claudia B. Lopes, Patricia F. Lito, Marta Otero, Zhi Lin, 
Joao Rocha, Eduarda Pereira, Carlos M. Silva, Armando Duarte, Chemical 
Engineering Journal, 147(2009) 173-179. 
147. K.G. Varshney, M.Z.A. Rafiquee, Amita Somya, Colloids and Surfaces A: 
Physicochemical and Engineering Aspects 317 (2008) 400-405. 
148. Zafar Alam, Inamuddin, Syed Ashfaq Nabi, Desalination, 250 (2010) 515-522. 
149. S. Dhara, S. Sarkar, S. Basu, P. Chattopadhyay, Applied Radiation and Isotopes, 
67 (2009) 530-534. 
150. A.M. El-Kanarh, B. El-Gannal, A.A. El-Sayid, J. Hazard. Mat., 141 (2007) 719-
728. 
151. G. Albewrti, U. Costantino, F. Digregorio and E. Torracca; J. Inorg. Nucl. 
Chem., 31, 3195 (1969). 
152. D.K. Bhattacharya and A.K. De; J. Radioanl. Chem., 76, 109 (1983). 
153. K.G. Varshney, Namrata Tayal, U. Gupta, Coll. Surf. A. Physio. Engg. Asp. 
145(1997)71-81. 
154. M. Abe and T. Ito; Bull. Chem. Soc. Jpn., 41, 333 (1968); 41, 2366 (1968). 
155. I.M. El-Naggar, E.S. Zakaria, I.M. AH, M. Khalil, M.F. El-Shahat, Arabian 
Journal of Chemistry (In Press). 
156. Syed Ashfaq Nabi, Rani Bushra, Mu. Naushad, Amjad Mumtaz Khan, Chemical 
Engineering Journal (In Press). 
157. Asif Ali Khan, Mohd. Khalid, Umair Baig, Reactive and Functional Polymers, 
70(2010)849-855. 
158. A.A. Khan, Leena Paquiza, Desalination 265 (2011) 242-254. 
159. A.A. Khan, L. Paquiza, A. khan, Journal of Materials Science 45 (2010) 3610. 
160. Zeid A. Al-Othman Inamuddin, Mu. Naushad, Chemical Engineering Journal 
(In Press) 
161. A.A. Khan, Leena Paquiza, 2010 (Communicated) 
162. A.A. Khan, U. Habiba , A. Khan, International Journal of Analytical Chemistry 
(2009)Article, ID659215,10. 
163. A.A. Khan, Shakeeba Shaheen, U. Habiba, 2010 (Communicated). 
'd/ta/}/er / 
m^ mi^u^. m.^mm ,wmi 
164. A.A. Khan, Leena Paquiza, 2010 (Communicated) 
165. Fatma Djouani, Frederic Herbst, Mohamed M. Chehimi, Karim Benzarti, 
Construction and Building Materials (In press) 
166. Svetlozar Ivanov, Ulrich Lange, Vessela Tsakova, Vladimir M. Mirskyv, 
Sensors and Actuators B: Chemical 150 (2010) 271-278. 
167. Wenbin Ni, Dengchao Wang, Zhongjie Huang, Jianwei Zhao, Guoeng Cui, 
Materials Chemistry and Physics 124 (2010) 1151-1154 
168. R. Seoudi, M. Kamal, A.A. Shabaka, E.M. Abdelrazek, W. Eisa, Synthetic 
Metals 160 (2010) 479-484. 
169. Ya Zhang, Qin Li, Li Sun, Rong Tang, Jianping Zhai, Journal of Hazardous 
Materials 175 (2010) 404-409. 
170. Madhavi V. Puke, Prajakta Kanitkar, Milind Kulkami, B.B. Kale, R.C. Aiyer, 
Talanta 81 (2010)320-326 
171. Imene Bekri-Abbes, Ezzeddine Srasra, Materials Research Bulletin (In Press) 
172. R.T. Ma, H.T. Zhao, G. Zhang, Materials Research Bulletin 45 (2010) 1064-
1068. 
173. A.C.V. de Araujo, R.J. de Oliveira, S. Alves Junior, A.R. Rodrigues, F.L.A. 
Machado, F.A.O. Cabral, W.M. de Azevedo,, Synthetic Metals 160 (2010) 685-
690. 
174. Ay§e GUI Yavuz, Ay§egiil Uygun, Venkat R. Bhethanabotla, Carbohydrate 
Polymers 81 (2010)712-719. 
175. Huiling Tai, Yadong Jiang, Guangzhong Xie, Junsheng Yu, Journal of Materials 
Science & Technology 26 (2010) 605-613. 
176. Kimball S. Roelofs, Thomas Hirth, Thomas Schiestel, Journal of Membrane 
Science 346 (2010) 215-226. 
177. Xiao-feng Yang, Geng-chao Wang, Rui-yu Wang, Xing-wei Li, Electrochimica 
Acta 55 (2010) 5414-5419. 
178. A. Jimenez-Morales, P. Aranda, J. C. Galvan, Journal of Materials Processing 
Technology 143-144 (2003) 5-10. 
179. Hossein Salavati, Nahid Rasouli, Applied Surface Science (In Press) 
180. Asif AH Khan, Tabassum Akhtar, Electrochimica Acta 54 (2009) 3320-3329 
181. Syed Ashfaq Nabi, Mu. Naushad, Rani Bushra, Chemical Engineering Journal 
152(2009)80-87. 
^/la/j/rr / 4-^-
^,eru, m^u^. m.^mm ,^smc 
182. Syed A. Nabi, Aabid H. Shalla, Journal of Hazardous Materials 163 (2009) 657-
664. 
183. Asif All Khan, Anish Khan, Materials Science and Engineering: B 158 (2009) 
92-97. 
184. Amjad Mumtaz Khan, Sajad Ahmad Ganai, Syed Ashfaq Nabi, Colloids and 
Surfaces A: Physicochemical and Engineering Aspects 337 (2009) 141-145. 
185. Ray-Yi Lin, Bang-Shuo Chen, Guan-Liang Chen, Jeng-Yue Wu, Hsin-Cheng 
Chiu, Shing-Yi Suen, Journal of Membrane Science 326 (2009) 117-129. 
186. Xiushen Ye, Zhijian Wu, Wu Li, Haining Liu, Quan Li, Binju Qing, Min Guo, 
Fei Ge, Colloids and Surfaces A: Physicochemical and Engineering Aspects 342 
(2009) 76-83. 
187. Ulvi Ulusoy, Recep Akkaya, Journal of Hazardous Materials 163 (2009) 98-
108. 
188. Orhan Murat Kalfa, Ozcan Yal9inkaya, AH Rehber Turker, Journal of 
Hazardous Materials 166 (2009) 455-461. 
189. Mojtaba Shamsipur, Abbas Shirmardi Dezaki, Morteza Akhond, Hashem 
Sharghi, Zahra Paziraee, Kamal Alizadeh, Journal of Hazardous Materials 172 
(2009) 566-573. 
190. A. Mahreni, A.B. Mohamad, A.A.H. Kadhum, W.R.W. Daud, S.E. lyuke. 
Journal of Membrane Science 327 (2009) 32-40. 
191. Yian Zheng, Aiqin Wang, Journal of Hazardous Materials 171 (2009) 671-677. 
192. Yajuan Yang, Changhua Liu, HaixiaWu, Polymer Testing 28 (2009) 371-377. 
193. A.A. Khan, Tabassum Akhtar, Electrochimica Acta 53(2008) 5540-5548. 
194. Syed Ashfaq Nabi, Mu. Naushad, Colloids and Surfaces A: Physicochemical 
and Engineering Aspects 316 (2008) 217-225. 
195. Mahamudur Islam, Rajkishore Patel, Journal of Hazardous Materials 156 (2008) 
509-520. 
196. Nangeng Wen, Qinqiong Tang, Min Chen, Limin Wu, Journal of Colloid and 
Interface Science 320 (2008) 152-158. 
197. Changzhou Yuan, Linghao Su, Bo Gao, Xiaogang Zhang, Electrochimica Acta 
53 (2008) 7039-7047. 
198. Y. Kobayashi, A. Kosuge, M. Konno, Applied Surface Science 255 (2008) 
2723-2729. 
'9/iaf>tei' / -A9 
199. Stephen Maldonado, Edgardo Garcia-Berrios, Marc D. Woodka, Bruce S. 
Brunschwig, Nathan S. Lewis, Sensors and Actuators B: Chemical 134 (2008) 
521-531. 
200. Junbao Zheng, Guang Li, Xingfa Ma, Yarning Wang, Gang Wu, Yunan Cheng, 
Sensors and Actuators B: Chemical 133 (2008) 374-380. 
201. Dewyani Patil, You-Kyong Seo, Young Kyu Hwang, Jong-San Chang, Pradip 
Patil, Sensors and Actuators B: Chemical 132 (2008) 116-124. 
202. Toshio Itoh, Ichiro Matsubara, Woosuck Shin, Noriya Izu, Maiko Nishibori, 
Sensors and Actuators B: Chemical 128 (2008) 512-520. 
203. Annalisa Convertino, Gabriella Leo, Marinella Striccoli, Gaetano Di Marco, M. 
Lucia Curri, Polymer 49 (2008) 5526-5532. 
204. Vito Di Noto, Matteo Piga, Luigi Piga, Stefano Polizzi, Enrico Negro, Journal 
of Power Sources 178 (2008) 561-574. 
205. P.G. Chithra, R. Raveendran, B. Beena, Desalination 232 (2008) 20-25. 
206. Antonio Domenech, Eugenio Coronado, Nora Lardies, Carlos Marti Gastaldo, 
Maria Teresa Domenech-Carbo, Antonio Ribera, Journal of Electroanalytical 
Chemistry 624 (2008) 275-286. 
207. A.A. Khan, R. Niwas and O.P. Bansal, J. Chemical Soc, 76 (1999) 44. 
208. A.A. Khan, A. Khan and Inamuddin, Talanta, 73 (2007) 850. 
209. A.A. Khan and Inamuddin, React. Funct. Polym., 66 (2006) 1649 
210. A. A. Khan and M.M. Alam, Reactive and Functional Polymers 55 (2003) 277. 
211. A.A. Khan, M.M. Alam and Inamuddin, Mate. Res. Bullet. 40 (2004) 289. 
212. A. A. Khan and M.M. Alam, Reactive and Functional Polymers 55 (2003) 277 
213. A.A. Khan and M.M. Alam, Analytica chemica Acta 504 (2004) 553. 
214. D.G. Park. J. Kang, H.Y. kwon, Bull.Kor.Soc. 21 (2000) 604. 
215. A. Balamurugan, S. Kannan, V. Selvaraj and S. Rajeswari, Trends Biomater. 
Artif Organs 18 (2004) 41-45. 
216. J. Ming Hwu, G. J. Jiang, Z. M. Gao, 1^. Xie, W. Ping Pan, Journal of Applied 
Polymer Science 83 (2002) 1702-1710. 
217. X. Zhang, L. Ji, S. Zhang, J. Power. Sources, 173 (2007) 1017-1023. 
218. J.H. Jezorek and H. Frieser; Anal. Chem., 51 (1979) 366. 
t)/m/>/ef / ^0 
^«^, m.m:w^ ^smc s^^ 
219. J.L. Hem; Report 1976, W79 00431, OWRT A030 WVA (2) Order No. PO 
200179, pp. 70 (Eng.) Avail NTR From Gov. Rep. Announce Index (US) 79 (5), 
(1979), C. A. 91 (2) (1979) 73054z. 
220. J.P. Rawat and M. Iqbal; J. Liq. Chromatogr., 3 (1980) 591. 
221. G. Alberti, U. Costantino, R. Millini and R. Vivani; J. solid State Chem., 113 
(1994)289. 
222. A. Clearfield and R.M. Tindwa; J. Inorg. Nucl. Chem., 41 (1979) 871. 
223. K.G. Varshney and S. Naheed; J. Inorg. Nucl. Chem., 39 (1977) 2075. 
224. J.P. Rawat and M. Iqbal; Ann. Chim., 431 (1981). 
225. D.K. Singh, R.R. Bhatnagar and A. Darbari; Indian J. Chem. Technol., 24 
(1986)25. 
226. S.Z. Qureshi, I. Ahmed and M.R. Khayer; Ann. Chim. Sci. Mat., 14 (1999) 531. 
227. J.D. Wang, A. Clearfield and C. Pen; Mat. Chem. Phys., 35 (1993) 208. 
228. S. Tandon, B. Pandit and U. Chudesama; Transition Met. Chem., 21(1996) 7. 
229. A. Abbaspour, E. Mirahmadi, A. Khalafi-nejad, S. Babamohammadi, Journal of 
Hazardous Materials 174(2010) 656-661. 
230. Deivy Wilson, Maria de los Angeles Arada, Salvador Alegret, Manel del Valle, 
Journal of Hazardous Materials 181(2010) 140-146. 
231. Vinod K. Gupta, A.J. Hamdan, Manoj K. Pal, Talanta 82(2010) 44-50. 
232. Hassan Ali Zamani, Mohammad Taghi Hamed-Mosavian, Elham Aminzadeh, 
Mohammad Reza Ganjali, Mousa Ghaemy, Hossien Behmadi, Famoush 
Faridbod, Desalination 250 (2010) 56-61. 
233. Hassan Ali Zamani, Mehdi Nekoei, Majid Mohammadhosseini, Mohammad 
Reza Ganjali, Materials Science and Engineering: C 30 (2010) 480-483. 
234. Masoud Ghanei Motlagh, Mohammad Ali Taher, Ali Ahmadi, Electrochimica 
Acta, 55(2010)6724-6730. 
235. P.S. Ramanjaneyulu, Parminder Singh, Y.S. Sayi, H.M. Chawla, K.L. 
Ramakumar, Journal of Hazardous Materials 175 (2010) 1031-1036. 
236. Yu-Hua Ma, Ruo Yuan, Ya-Qin Chai, Xin-Lu Liu, Materials Science and 
Engineering: C 30 (2010) 209-213. 
237. A.S. Alasier, S.A. Entisar, H.A. Elbishti, Arabian Journal of Chemistry 3 (2010) 
89-94. 
^yia/jfer / 
--/'/ 
m^mi^u^. m.m:mm ^^smc^^^ 
238. Sulekh. Chandra, Dev Raj Singh, Journal of Saudi Chemical Society, 14 (2010) 
55-60. 
239. Ashok K. Singh, Prema Singh, Analytica Chimica Acta, 675(2010) 170-180. 
240. Vinod K. Gupta, A.J. Hamdan, Manoj K. Pal, Analytica Chimica Acta, 673 
(2010) 139-144. 
241. Hassan Ali Zamani, Ali Arvinfar, Fatemeh Rahimi, Alihossien Imani, 
Mohammad Reza Ganjali, Soraia Meghdadi, Materials Science and 
Engineering: C (In press). 
242. A. Babakhanian, M.B. Gholivand, M. Mohammadi, M. Khodadadian, A. 
Shockravi, M. Abbaszadeh, A. Ghanbary, Journal of Hazardous Materials 177 
(2010) 159-166. 
243. Monika Lyczewska, Monika Kakietek, Krzysztof Maksymiuk, Jozef 
Mieczkowski, Agata Michalska, Sensors and Actuators B: Chemical 146 (2010) 
283-288. 
244. A. Abbaspour, M. Refahi, A. Khalafi-Nezhad, N. Soltani Rad, S. Behrouz. 
Journal of Hazardous Materials 184 (2010) 20-25. 
245. Mojtaba Shamsipur, Abbas Shirmardi Dezaki, Morteza Akhond, Hashem 
Sharghi, Zahra Paziraee, Kamal Alizadeh Journal of Hazardous Materials 172 
(2009) 566-573. 
246. Sayed Yahya Kazemi, Mojtaba Shamsipur, Hashem Sharghi, Joumal of 
Hazardous Materials 172 (2009) 68-73. 
247. Ashok K. Singh, Prema Singh, G. Bhattacharjee, Talanta 80 (2009) 685-693. 
248. M. Aghaie, M. Giahi, H. Aghaie, M. Arvand, M. Poumaghdy, F. Yavari, 
Desalination 247 (2009) 346-354. 
249. Ashok Kumar Singh, A.K. Jain, Jitendra Singh, Electrochimica Acta 54 (2009) 
5640-5647. 
250. Mohammad Kazem Rofouei, Moslem Mohammadi, Mohammad Bagher 
Gholivand, Materials Science and Engineering: C 29 (2009) 2154-2159. 
251. Rakesh Kumar Mahajan, Rajiv Kumar Puri, Alka Marwaha, Inderpreet Kaur, 
Mohinder Pal Mahajan Joumal of Hazardous Materials 167 (2009) 237-243. 
252. V.K. Gupta, Manoj K. Pal, Ashok K. Singh, Talanta 79 (2009) 528-533. 
253. Hassan Ali Zamani, Mohammad Reza Ganjali, Hossien Behmadi, Mohammad 
Ali Behnajady, Materials Science and Engineering:C 29 (2009) 1535-1539. 
254. Vinod K. Gupta, Rajendra N. Goyal, Ajay K. Jain, Ram A. Sharma, 
Electrochimica Acta 54 (2009) 3218-3224. 
'd/K(/)/ef / -4xS 
255. Hassan A. Arida, Talanta 76 (2008) 40-43. 
256. Hassan Ali Zamani, Mohammad Reza Ganjali, Parviz Norouzi, Azadeh 
Tadjarodi, Encyeh Shahsavani Materials Science and Engineering: C 28 (2008) 
1489-1494. 
257. Hassan Ali Zamani, Mohammad Taghi Hamed-Mosavian, Elham Hamidfar, 
Mohammad Reza Ganjali, Parviz Norouzi, Materials Science and Engineering: 
C 28 (2008) 1551-1555. 
258. Hassan Ali Zamani, Mohammad Reza Ganjali, Parviz Norouzi, Mahdi Adib 
Materials Science and Engineering: C 28 (2008) 157-163. 
259. V.K. Gupta, A.K. Jain, M. Al Khayat, S.K. Bhargava, J.R. Raisoni, 
Electrochimica Acta 53 (2008) 5409-5414. 
260. Ashok Kumar Singh, Sameena Mehtab, Talanta 74 (2008) 806-814. 
261. Fariba Bakhtiarzadeh, Sulaiman Ab Ghani, Journal of Electroanalytical 
Chemistry 624 (2008) 139-143. 
262. Vinod K. Gupta, Ajay K. Jain, Rainer Ludwig, Gaurav Maheshwari, 
Electrochimica Acta 53 (2008) 2362-2368. 
263. Vandana Singh, Swati Mohan, G. Singh, P.C. Pandey, Rajiv Prakash, Sensors 
and Actuators B: Chemical 132 (2008) 99-106. 
264. Ali Reza Fakhari, Termeh Ahmad Raji, Hossein Naeimi, Sensors and Actuators 
B: Chemical 104 (2005) 317-323. 
265. Ashok Kumar Singh, Puja Saxena, Amit Panwar, Sensors and Actuators B: 
Chemical 110 (2005) 377-381. 
266. Mohammad Reza Ganjali, Mehdi Emami, Mehj^ an Javanbakht, Masoud 
Salavati-Niasari, Mojtaba Shamsipur, Mohammad Yousefi, Sensors and 
Actuators B: Chemical 105 (2005) 127-131. 
267. M. Mazloum Ardakani, A. Sadeghi, M. Salavati-Niasari, Talanta 66 (2005) 837-
843. 
268. Vinod K. Gupta, Sudeshna Chandra, Heinrich Lang, Talanta 66 (2005) 575-580. 
269. Shane Peper, Chad Gonczy, Wolfgang Runde, Talanta 67 (2005) 713-717. 
270. Saad S.M. Hassan, Eman M. Elnemma, Ayman H.K. Mohamed, Talanta 66 
(2005)1034-1041. 
271. V.K. Gupta, M. Al Khayat, A.K. Minocha, Pankaj Kumar, Analytica Chimica 
Acta 532 (2005) 153-158. 
272. Youngsun Choi, Hasuck Kim, Jae Kwang Lee, Seong Ho Lee, Heung Bin Lim, 
Jong Seung Kim, Talanta 64 (2004) 975-980. 
'^/la/j/e)' / -4-9 
mem. m^. m.m:w^ ,mmc 
TTi. M.Jesus Gismera, David Hueso, Jesus R. Procopio, M.Teresa Sevilla, Analytica 
Chimica Acta 524(2004) 347-353. 
274. M.B. Gholivand and F. Sharifpour, Talanta, 60 (2003) 707. 
275. A. Abbaspour and A. Izadyar, Talanta, 53 (2001) 1009. 
276. M.N. Abbas and G.A.E. Mostafa, Anal. Chim. Acta, 478 (2003) 329. 
277. S.S.M. Hassan, M.B. Saleh, A.A. Abdel Gaber, R.A.H. Mekheimer and N.A. 
Abdel Kream, Talanta, 53 (2000) 285. 
278. M.H. Mashhadizadeh and I. Sheikhshoaie, Talanta, 60 (2003) 73. 
279. R.K. Mahajan, R. Kaur, I. Kaur and V. Sharma, Anal. Sci., 20 (2004) 811. 
280. M. Cassado and S. Daunet, M. Valiente, Electroanalysis, 13 (2001) 54. 
281. M.R. Fathi and F. Darvich, M.R. Ganjali, Anal. Lett., 33 (2000) 1025. 
282. I. Isildak, Turk. J. Chem., 25 (2000) 389. 
283. E. Malinowska, W. Wroblewski, R. Ostoszewski and J. Jurczak, Pol. J. Chem., 
74(2000)701. 
284. S. Yoshmoto, H. Mukai, T. Kitano and Y. Sohrin, Anal. Chim. Acta, 494 
(2003) 207. 
285. M.R. Ganjali, T. Poursebri, M. Kargar-Razi, a. Moghimid, H. Aghabozorg and 
M. Shamsipur, Anal. Chim. Acta, 440 (2001) 81. 
286. M.H. Mashhadizadeh, A. Mostafavi, R. Razavi and M. Shamsipur, Sens. 
Actuat. B., 86 (2002) 222. 
287. D. Horak, M.J. Banes, K. Gumargaliena, G. Zaikov, J. Appl. Polym. Sci., 80 
(2001)913. 
288. A.R. Fakhari, M. Alaghemand and M. Shamsipur, Anal. Lett., 34 (2001) 2169 
289. A.K. Jain, V.K. Gupta, J.R. Raisoni, Sensors, 4 (2004) 115. 
^/ia/j/(^/- / 60 

M^&Sf«^ m.&:^M ststiM^^fy^ 
^hfaf^2 
2.1 Introduction 
I on exchange is considered as a time honored analytical tool for the analysis of complex mixtures in diverse fields .It is now a well established technique in 
many industrial processes and is widely employed in chemical lab. Since the classical 
work of Amphlett, numerous inorganic ion exchangers have been synthesized under 
different conditions of synthesis and their properties were also studied [1]. The 
different types of ion exchanger and their applications in diverse fields are 
documented in a book by Clearfield [2]. 
Organic polymers showed the properties of chemical stability through 
synthetic methods [3]. Due to presence of both Bronsted and Lewis acid sites on their 
surfaces, synthetic ion exchangers have greater ion exchange capacity than 
commercial organic ion exchangers. The inorganic ion-exchange materials based on 
polyvalent metals have been established now with an excellent recognition in various 
disciplines, i.e. metal ion separation, catalysis, environmental studies, medical science 
(kidney dialysis), ion-selective electrodes preparation, heterogeneous solid state 
membrane formation, ion-exchange fibers preparation, etc. Besides other advantages, 
these materials are important in being more stable to high temperature radiation field 
than the organic one [4]. New mixed materials of the class of bimetallic tetravalent 
metal acid (TMA) salts (such as compounds containing two different cations and a 
given anion or vice versa) are interesting since they show improved exchange 
properties and selectivity for particular metal ions as compared to single salts [5]. In 
order to obtain associated organic and inorganic materials as ion-exchangers, attempts 
have been made to develop a new class of composite ion-exchangers also known as 
'polymeric-inorganic' hybrid composite [6-9] with enhance physical properties and 
possessing good selectivity for heavy metals indicating its usefiilness in 
environmental application [10,11]. 
Now a days, nano-composites lead to unexpected new properties exhibiting a 
vast application potential [12] which are often not exhibited by individual compounds 
and thus open a new avenue for chemists, physicists and materials scientists [13]. This 
kind of hybrid organic-inorganic material in which the inorganic part and the organic 
entities interact at molecular level in the nanoscopic domain, often present the best 
properties of each of its components in a synergic way, offering a unique opportunity 
to prepare tailor-made new materials with optimal, chemical, physical and mechanical 
properties [14,15]. The growing interest of this subject matter has been reflected in 
two symposia organized recently by the Materials Research Society [16,17]. 
Many 'organic-inorganic' composite ion-exchangers have been developed 
earlier by incorporation of organic monomers in to inorganic matrix, by way of 
pillaring or non-pillaring methods [18-21]. Few such excellent ion-exchange materials 
have been developed in our laboratory and successfully being used in environmental 
analysis [22-28]. 
An effort has been done to improvise and use the properties of advanced 
bimetallic tetravalent metal acid (TMA) salts as inorganic ion exchanger by 
incorporating the highly conducting polymers, polypyrrole and polyaniline, into the 
matrix of inorganic precipitate of Zirconium Titanium phosphate (ZTP) and 
Zirconium Tungstoiodophosphate (ZWIP) under varying conditions. In order to 
determine the composition, size, structural and thermal properties of these material, 
several physico-chemical investigations were carried out by elemental analysis, 
atomic absorption spectrophotometry (AAS), Transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), spectral analysis (FTIR), thermal 
analysis (simultaneous TGA-DTA) and X-Ray analysis. This chapter represents the 
preparative conditions and physico-chemical properties of the above said composite 
cation-exchange materials. 
2.2 Experimental 
2.2.1 Chemicals and reagents 
The main reagents used for the synthesis were: 
Zirconium Oxychloride (ZrOCl2.8H20), Di-sodium hydrogen ortho phosphate 
[Na2HP04 (88-93%)], Pyrrole [C4H4NH (99%)], Ammonium per sulphate [(NH4 )i 
S2O8 (95%)], Hydrochloric acid [HCl (35%)], Nitric acid (HNO3), Toluene [C6H5CH3 
(95%)], Aniline[C6H5NH2 (95%)],Titanium tetrachloride (TiCl4), Ferric Chloride 
(Anhydrous), [FeC^ (95%)], Sulphuric Acid (H2SO4), Sodium tungstate (NaHWOa), 
Potassium iodate (KI03).A11 the reagent and chemicals were of analytical grade. 
Q^>e^ myu^. mMmm s^mms^i^ 
1.1.1 Instrumentation 
The following instruments were used for chemical analysis and 
characterization of the composite materials: 
A digital pH meter-Elico (India), model LI-10,UV/VIS spectrophotometer -
Elico (India), model EI 30IE; Double Beam Atomic Absorption Spectrophotometer 
(AAS) - GBC 902 (Australia) with air-acetylene flame, scanning electron microscope 
with EDAX -LEO 435 VP (Australia), FTIR spectrometer - Perkin Elmer (U.S.A.), 
model Spectrum BX, Elemental analyzer - Elementary Vario EL III, Carlo-Erba, 
model 1108; used for C, H and N analyses, thermal analyzer - V2.2A DuPont 9900, 
X-ray diffractometer - Phillips (Holland), model PW 1148/89 with Cu Ka radiations. 
Transmission electron microscope -TEM Philips EM 400, an automatic temperature 
controlled water bath incubator shaker - Eicon (India),digital muffle furnace, an air 
oven - Lab quip (India),an electronic balance (digital) - Sartorius (Japan), model 21 
OS and a magnetic stirrer. 
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2.2.3 Synthesis of 'organic-inorganic' composite cation-exchange material 
2.2.3.1 Preparation of reagent solutions 
O.IM solution of titanium tetrachloride, TiCU and a O.IM solution of 
zirconium oxychloride, ZrOCb .8H2O were prepared in demineralized water (DMW) 
with different concentrations of H2SO4 and Na2HP04. Solution of 0.5M of sodium 
tungstate and O.IM of potassium iodate (KIO3) were prepared only in demineralized 
water. 
Aniline and O.IM ammonium persulphate solution of different percentage 
concentration (v/v) were prepared in IM HCl. Pyrrole solutions were prepared in 
toluene at different percentage concentrations (v/v) and O.IM FeCb was prepared in 
demineralized water (DMW). 
2.2.3.2 Synthesis of polymer 
2.2.3.2.1 Synthesis of polyaniline (PANI) 
Polyaniline gel was prepared by oxidative coupling using ammonium 
persulphate in acidic aqueous medium [29]. Various samples of polyaniline gel were 
prepared by mixing 0.1%-1.0% of aniline and O.IM (NH4)2S208 (in IM HCl) with 
^,a/^e,2 63 
continuous stirring by a magnetic stirrer. Dark purplish green color gels were obtained 
by keeping the samples below 10° C for an hour. 
2.2.3.2.2 Synthesis of polypyrrole (PPy) 
Polypyrrole samples were prepared by chemical oxidative polymerization [30-
31] by adding solutions of pyrrole (in toluene, at concentrations up to 33% by weight) 
dropwise to the O.IM FeC^ solutions (in DMW) in different volume ratios at room 
temperature with continuous magnetic stirring for 2hrs. The black slurries obtained 
were kept for 24 hrs. 
2.2.3.3 Synthesis of inorganic precipitate 
2.2.3.3.1 Synthesis of zirconium titanium phosphate (ZTP) 
The method of preparation of the precipitated zirconium titanium phosphate 
ion-exchanger was very similar to that of Alberti and Constantino [32], with a slight 
modification [33] by mixing a solution containing O.IM TiCU and O.IM ZrOCl2.8H20 
in H2SO4 at a flow rate of 0.5 ml min'' with the aqueous solution of Na2HP04 of 
different molarities. Constant stirring was maintained using a magnetic stirrer at room 
temperature (25+2°C) for 3hrs. The white gel obtained was left for 24hrs at room 
temperature for digestion. 
2.2.3.3.2 Synthesis of zirconium tungstoiodophosphate (ZWIP) 
Inorganic gels of zirconium tungstoiodophosphate was prepared by adding 
O.IM ZrOCl2.8H20 solution to a mixture of 0.5M sodium tungstate, O.IM potassium 
iodate and IM orthophosphoric acid, in different volume ratios with intermittent 
shaking of the mixture and maintaining the pH at 1. 
2.2.3.4 Preparation of 'organic-inorganic' composites 
2.2.3.4.1 Preparation of polyaniline zirconium titanium phosphate (PANI-ZTP) 
The composite cation-exchanger was prepared by sol-gel mixing of 
polyaniline (an organic polymer) into the inorganic precipitate of zirconium titanium 
phosphate (ZTP) with varying mixing ratio. The precipitate of polyaniline (PANI) 
was added into the white inorganic gel of ZTP with a constant stirring. Black colored 
precipitate obtained was allowed to settle overnight which was filtered off and washed 
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thoroughly with DMW to remove excess" acicf^d any adhering ions (chloride and 
sulphate).The washed gel was dried over P2O5 at 30°C in an oven. The dried product 
was immersed in 1M HNO3 solution for complete replacement of counter ions by H^ 
form. The excess acid was removed after several washing with DMW then dried at 
40°C and sieved to obtain shiny black granules of PANI-ZTP. Sample PA-7 was 
selected, on the basis of Na^  ion-exchange capacity, yield and physical appearance, 
for further studies. 
2.2.3.4.2 Preparation of polypyrrole zirconium titanium phosphate (PPy-ZTP) 
composite 
In this process,0.1M ferric chloride (FeCls) solution was first added to the 
white inorganic gel of ZTP, which turned the gel color into light yellow, then the 
solution of pyrrole (in toluene) was added dropwise with constant stirring for Ihr. The 
resultant mixture turned first to green and then slowly into black slurries, which was 
kept for 24 hrs at room temperature (25j:2°C). The dried products were protonated 
and sieved to obtain shiny black granules of polypyrrole zirconium titanium 
phosphate (PPy-ZTP). 
2.2.3.4.3 Preparation of polyaniline zirconium tungstoiodophosphate (PANI-
ZWIP) composite 
The preparation method is same as of PANI-ZTP composite, only the 
inorganic precipitate is different. The precipitate of polyaniline was added into the 
white inorganic gel of zirconium tungstoiodoposphate with constant stirring. The 
resultant material was dried, sieved and protonated according to above mentioned 
method. Shiny black granules of polyaniline zirconium tungstophosphate (PANI-
ZWIP) were obtained. 
2.2.4. Physico-chemical properties of 'organic-inorganic' composite cation-
exchange materials 
2.2.4.1 Chemical stability 
The chemical stability also plays an important role in the elucidation of 
properties of the ion-exchangers. Portions of 250 mg of prepared composites (PANI-
ZTP, PPy-ZTP and PANI-ZWIP) in H^ form were treated with 20 ml of varying 
concentration of acids, bases, organic solvents and also with DMW for 24h with 
occasional shaking. 
2.2.4.2 Thermal stability 
To study the effect of drying temperature, Ig samples of the composite cation-
exchange material (PA-7, PP-9 and PW-6) were heated at various temperatures in a 
muffle furnace for Ihr each; physical appearance and the percentage of weight losses 
were determined after cooling them at room temperature. 
2.2.4.3 Chemical composition 
The chemical composition also plays an important role in the elucidation of 
molecular structure of the ion-exchangers. The composition of the material can be 
determined either by gravimetrically or spectrophotometrically. With the help of these 
methods, we can determine the percentage of metals or groups present in the ion-
exchangers. 
To determine the chemical composition of prepared composites, 200 mg of 
each sample was dissolved in 20 ml of concentrate H2SO4. The material was analysed 
for zirconium and titanium by ICP-MS and phosphate by the phosphomolybdate 
method. Carbon, hydrogen and nitrogen contents of the cation-exchanger were 
determined by elemental analysis. 
2.2.4.4. Characterization of 'organic-inorganic' composite materials 
2.2.4.4.1 Transmission electron microscopy (TEM) studies 
Fine particle dispersion method was used for sample preparation in which the 
prepared sample materials (PANI-ZTP, PPy-ZTP and PANI-ZWIP) were grinded into 
fine powder by using mortar pastel. A dilution step is required to obtain very low 
concentrations of the material, so that the particles on the support film remain 
isolated. Sonication of the samples was done for half an hour which separated the 
agglomerated particles and ensured a homogenous suspension. The samples were 
inaugurated on copper coated grid. Adhere it for 3-5 minutes, later blot dried. Then 
the samples were put in transmission electron microscope for taking image of particle 
size of the sample materials. 
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l.lAA.l Scanning electron microscopy (SEM) studies 
To examine the difference in surface morphology between the parent materials 
and the prepared composites, micrographs of the organic polymers (polyaniline and 
polypyrrole), inorganic precipitates (ZTP and ZWIP) and organic-inorganic 
composite materials (PANI-ZTP, PPy-ZTP and PANI-ZWIP) were obtained by the 
scanning electron microscope at various magnifications. 
2.2.4.4.3 X- ray analysis 
Powder X-ray diffraction (XRD) pattern was obtained in an aluminum sample 
holder for the prepared composite materials (PANI-ZTP, PPy-ZTP and PANI-ZWIP) 
in the original form using a PW 1148/89 based diffractometer with Cu Ka radiations. 
2.2.4.4.4 Fourier transform infrared (FTIR) spectroscopic studies 
The FTIR spectrum of organic polymers (polyaniline and polypyrrole), 
inorganic precipitates (ZTP and ZWIP) and organic-inorganic composite materials 
(PANI-ZTP, PPy-ZTP and PANI-ZWIP) in the original form dried at 40°C were taken 
by KBr disc method at room temperature. 
2.2.4.4.5 Thermogravimetric analysis-differential thermal analysis (TGA-DTA) 
studies 
Simultaneous TGA and DTA studies of the composite cation-exchange 
materials (PANI-ZTP,PPy-ZTP and PANI-ZWIP) in original form were carried out 
by an automatic thermo balance on heating the material from 10°C to 1000°C at a 
constant rate (10°C per minute) in the air atmosphere (air flow rate of 400 ml min''). 
2.3 Results and Discussion 
2.3.1 Synthesis of 'organic-inorganic' nanocomposite cation-exchangers 
2.3.1.1 Preparation of polyaniline and polypyrrole zirconium titanium phosphate 
nanocomposite cation-exchanger 
The inorganic material zirconium titanium phosphate is a mixed material of 
the class of tetravalent bimetallic acid salts containing two cation and an anion with 
improved ion-exchange properties and selectivity as compared to single salts. 
Literature survey shows that extensive work has been carried out on zirconium and 
titanium phosphates and their oxides [34]. The ion exchange behavior of crystalline 
Q6>ena.^^fi^, m . ^ M m 
ZTP has already been studied [35-42], but its hybrid composites are not yet reported. 
So, effort has been done to synthesize 'organic-inorganic' composite using this 
advanced class of inorganic ion exchanger, by incorporation of polyaniline and 
polypyrrole into the inorganic matrices of zirconium titanium phosphate (ZTP) 
respectively, which provided extraordinary Na^  exchange capacity to the synthesized 
composite material (PANI-ZTP- 4.52 meq g' and PPy-ZTP - 3.68 meq g'* ) as 
compare to inorganic ion-exchanger ZTP (3.36 meq dry g~ *) as given in Table 2.1 
and 2.2. 
Polyaniline can be easily synthesized either chemically or electrochemically 
from acidic aqueous solution. In this study, polyaniline gel was prepared by oxidative 
coupling using (NH4)2S208 in acidic aqueous medium as given below [43]: 
anitee nyjrochtende ammsnium pefsulfatr 
HjO,a-2' t , lhr 
(exoftermic) 
% % rr-'^/'lv^ 
I 
H 
+ 2n -iCI + 5n H ,50^, + 5n (NH j.^O^ 
Potyanillne ' S fS she extendfa: p:l>rnef chain.i 
(PANl) 
The binding of polymer into the inorganic matrix can be explained as: 
-<Q^mK~AQj~\ +• NH-
—(C j)—^'^—(C y/ *^"— 
ZTP Polyaniline (PAN!) PANI-ZTP 
Pyrrole is one of the most easily oxidized monomer and hence a variety of 
oxidizing agents are available for preparing polypyrrole. Commonly used oxidants for 
pyrrole polymerization are oxidative transition metal ions. In this study, ferric salts 
are used as oxidizing agents for the synthesis of highly conducting polymer PPy, 
scheme for which is given below: 
9/iahl('/ k^ Q 68 
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+ 2FeCI 3 (-C^H2NH-)3 l ^ \ ^ 
P y r r o l e Ferric c h l o r i d e 
+ 2FeCl2 + 2HCI 
Polypyrrole (PPy) 
Po lypyrro le (PPy) Z T P ppy-arrp 
P o l y p y r r o l e ( P P y ) 
*• AC 
ZTP P P y - Z T P 
Among the various samples prepared, sample PA-7 (Table 2.1) of PANI-ZTP 
and PP-9 (Table 2.2) of PPy-ZTP possessed best Na* ion-exchange capacity, thus 
selected for carrying out further studies. 
2.3.1.2 Preparation of polyaniline zirconium tungstoiodophosphate (PANI-
ZWIP) 
Various samples of PANI-ZWIP composite cation exchange material was 
developed by incorporation of polyaniline into inorganic matrices of zirconium 
tungstoiodophosphate (ZWIP) using same mechanism as mention above for 
polyaniline composite. On the basis of better Na"^  ion-exchange capacity (2.86 meq 
dryg"') as compared to inorganic precipitate zirconium tungstoiodophosphate (2.20 
meq dry g'*), sample PW-6 was selected for detailed studies (Table 2.3). 
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Table 2.1 
Conditions of preparation and the ion-exchange capacity of polyaniline zirconium 
titanium phosphate (PANI-ZTP) 
Sample 
No. 
PA-1 
PA-2 
PA-3 
Mixing volume ratio 
TiCU 
in H2SO4 
1(1M) 
I(O.IM) 
I(O.IM) 
inorganic 
ZrOCh 
in H2SO4 
1(1M) 
!(4M) 
1(2M) 
(v/v) of 
Na2HP04 
inDMW 
1(2M) 
2(IM) 
2(0.2M) 
Mixing volume ratio (v/v) of 
Orgat 
0.1 M Aniline 
in IM HCI 
1 
2 
1 
lie 
(NH4)2S208 
in IMHCI 
1 
1 
2 
Appearance 
of the sample 
Black shiny 
Black shiny 
Blackish 
I.E.C. 
(meq/gm) 
3.7 
1.12 
1.6 
purple 
PA-4 1(1M) 1(1M) 2(1M) Greenish 0.72 
PA-5 1(0.2M) 1(0.]M) 2(0.2M) Greenish 2.5 
PA-6 
PA-7 
PA-8 
PA-9 
PA-10 
I(O.IM) 
1(0.2M) 
1(0.2M) 
I(O.IM) 
1(0.2M) 
I(O.IM) 
1(0.1 M) 
I(O.IM) 
l(O.IM) 
1(0. IM) 
2(0.2M) 
2(0.2M) 
2(.2M) 
2(0.2M) 
2(0.2M) 
Blackish 
PA-11 
1 
0.25 
I 
2 
2 
2 
-
1 
Black shiny 
Black shiny 
Purple 
White 
Granular 
Dark Green 
Granular 
4.52 
4.2 
3 
3.36 
0.20 
Jifi/j/ei' L^ 60 
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Table 2,2 Conditions of preparation and the ion-exchange capacity of polypyrrole 
zirconium titanium phosphate (PPy-ZTP) 
Sample 
No. 
Mixing volume ratio (v/v) of 
inorganic 
O.lMTiCU O.lMZrOCIj Na2HP04 
in H2SO4 in H2SO4 In DMW 
Mixing volume ratio (v/v) 
of organic 
% Pyrrole 0.1 M FeCb 
in Toluene in DMW 
Appearance 
of the 
sample 
I.E.C. 
(meq/gm) 
pp-1 ](1M) 1(1M) 1(2M) 0.5 Grey .02 
PP-2 1(0.2M) I(O.IM) 2(0.2M) White 3.36 
PP-3 I(O.IM) 2(2M) ](0.2M) 20 Black 2.15 
PP-4 33 Black 0.72 
PP-5 
PP-6 
PP-8 
1(1M) 
1(1M) 
PP-7 1(0.2M) 
1(0.2M) 
1(1M) 1(0.2M) 
1(2M) 2(0.2M) 
I(O.IM) 2(0.2M) 
I(O.IM) 2(0.2M) 
PP-9 1(0.2M) I(O.IM) 2(0.2M) 
33 
33 
33 
33 
33 
] 
1 
2 
2 
2 
Black 
Black 
Shiny Black 
Shiny Black 
Blackish 
purple 
1.28 
2.5 
3.1 
3.34 
3.68 
CJufrr 'J 0/ 
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Table 2.3 
Conditions of preparation and the ion-exchange capacity of polyaniline zirconium 
tungstoiodophosphate phosphate (PANI-ZWIP) 
Sample 
No. 
PW-1 
PW-2 
PW-3 
PW-4 
PW-5 
PW-6 
PW-7 
PW-8 
Mixing volume ratio (v/v) of i 
O.IM 
ZrOCh 
in H2SO4 
1 
2 
2 
3 
5 
1 
1 
-
0.5M 
]NaHW04 
inDMW 
1 
.2 
1 
2 
2 
1 
2 
-
0.5M 
KIO3 
inDMW 
1 
2 
1 
2 
1 
1 
2 
-
norganic 
IM 
H3PO4 
in 
DMW 
2 
1 
2 
1 
1 
2 
2 
-
PH 
1 
1 
-
Mixin 
O.IM 
Aniline 
in IM 
HCl 
-
2 
1 
1 
1 
1 
1 
g volume ratio 
(v/v) of 
organic 
(NH4)2S20s 
in IMHCI 
-
1 
1 
3 
2 
2 
1 
Appearance 
of the sample 
White beads 
Shiny Black 
Shiny black 
Black 
Black 
Shiny 
Black 
Black 
Dark Green 
I.E.C. 
(meq/ 
2.20 
0.95 
1.14 
1.09 
1.66 
2.86 
2.40 
0.22 
2.3.2 Chemical stability 
CAa/>l(r 2 o (/J 
The chemical stability depends on the structure of ion exchanger, the degree of 
cross-linking in the matrix and on the nature and number of the fixed ionic groups. 
The solubility experiment of PANI-ZTP composite shows that the material was 
resistant to 8M H2SO4, 6.5M HNO3 and 6M HCl, only slight decomposition of 
phosphate group was observed. Similarly, PPy-ZTP and PANI-ZWIP were fairly 
stable in different chemicals. The composite PPy-ZTP was resistant to 2M H2SO4, 
2.5M HNO3, 2M HCl. PANI-ZWIP was resistant to 2M H2SO4, 2.5M HNO3 and 3M 
HCl.The results of the extent of dissolution of the above said cation exchanger 
composites are summed up in Table 2.4. 
It is apparent from the results that the synth(;sized composite cation 
exchangers are quite stable in mineral acids and organic solvents. Chemical 
dissolution in alkaline media and DMW is almost negligible. The chemical stability 
may be due to the presence of binding polymer, which can prevent the dissolution of 
heteropolyacids sols or leaching of any constituent element into the solution. 
2.3.3 Thermal stability 
The synthesized composite materials were found to possess higher thermal 
stability. On heating at different temperatures for Ih, the mass and physical 
appearance of the dried sample materials (PA-7, PP-9 and PW-6) were changed as the 
temperature increased as shown in Table 2.5. The synthesized composite materials 
are found to be stable up to 150°C with respect to the ion-exchange capacity and 
appearance. 
The composite PANI-ZTP (PA-7) maintained about 56% whereas composite 
PPy-ZTP (PP-9) and PANI-ZWIP (PW-6) retained about 76% and 62% of the initial 
mass by heating upto 600 °C. The results support the TGA studies. It can be 
concluded from the result given in Table 2.5 that PPy-ZTP is thermally more stable 
followed by PANI-ZWIP and PANI-ZTP. 
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Table 2.4 
Chemical stability of PANI-ZTP, PPy-ZTP and PANI-ZWIP in various solvent 
systems 
Solvent used 
DMW 
2MHC1 
3MHC1 
6MHC1 
I.5MHNO3 
2.5 M HNO3 
6.5M HNO3 
2M H2SO4 
4M H2SO4 
8M H2SO4 
3 M HCIO4 
IMNaOH 
10% Acetone 
IM 
CH3COOH 
10% 
Dimethyl 
sulphoxide 
PANI-ZTP 
Zr 
(IV) 
0.00 
0.08 
0.20 
0.57 
0.12 
0.22 
0.86 
0.20 
0.33 
1.02 
0.40 
0.48 
0.00 
0.00 
0.02 
Ti 
(IV) 
0.00 
0.05 
0.14 
0.32 
0.16 
0.19 
0.73 
0.12 
0.19 
0.74 
0.74 
0.36 
0.00 
0.00 
0.00 
p 
(III) 
0.00 
0.40 
0.98 
1.69 
0.46 
0.47 
1.78 
0.58 
1.12 
2.0J 
1 
0.42 
0.76 
0.11 
0.16 
f 
0.31 
, 
1 
Amount dissolved (m 
Zr 
(IV) 
0.00 
1.08 
1.66 
PPy-ZTP 
Ti 
(IV) 
0.00 
0.81 
1.80 
P 
(III) 
0.00 
1.05 
1.59 
Feebly dissolved 
0.23 
1.37 
0.56 
1.19 
1.08 
1.72 
Partially dissolved 
1.05 
1.55 
0.98 
1.98 
1.61 
2.26 
Partially dissolved 
0.45 
0.34 
0.00 
0.00 
0.05 
0.78 
0.50 
0.00 
0.00 
0.04 
0.50 
0.66 
0.08 
0.02 
0.42 
g/20 ml) 
PANI-ZWIP 
Zr W(n) 
(IV) 
0.00 0.00 
0.24 0.42 
1.13 0.78 
1 (I) P(iil) 
0.00 0.00 
0.56 0.60 
1.20 0.96 
Partially dissolved 
0.3 0.33 
0.52 0.78 
0.47 0.18 
0.98 0.35 
Partially dissolved 
0.96 1.08 1.42 0.69 
Partially dissolved 
Completely dissolved 
t • •• - ' • ^ 
0.66 0.92 
0.71 0.98 
0.00 0.04 
0.00 0.08 
0 08 0.11 
1.14 0.82 
1.25 1.34 
0.10 0.09 
0.20 0.19 
0.45 0.26 
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Table 2.5 
Thermal stability of PANI-ZTP, PPy-ZTP and PANI-ZWIP cation-exchanger after 
heating to various temperatures for one hour 
Heating 
Tempera-
ture 
r) 
50 : 
100 : 
150 
200 
250 
300 
400 
500 
600 
650 
700 
PANI-ZTP 
Appearance % Weig 
(color) loss 
\ Black 
Black 1.65 
Black 2.8 
J ] 
i 
1 
: 
; 
Bu 
Black 5.4 
Grey 10 
Grey 17.4 
Grey 26.12 
Grey 30.2 | 
ff color 44 
Silvery 50 l 
\ A'hite \ 
Dirty White 60 j 
PPy 
It Appearance 
(color) 
* Black 
Black 
Black 
Black 
Grey 
Grey 
Grey 
Grey 
BufF color 
Dirty 
white color 
White 
-ZTP 
% Weig] 
-
07 
12.5 
14 
15 
18 
20 
28 
24 
26 
30 
PANI-ZWIP 
W loss Appearance 
(color) 
Black 
Black 
Black 
Black 
Grey 
Grey 
Grey 
Dirty white 
Dirty white 
Dirty white 
White 
% Weight loss 
\ 
o.< 
1.8 1 
3.2 
5.5 • 
r 6.2 
6.8 j 
34 
38 
40 
44 
('J/tMrl o 6S 
By performing chemical composition studies, the molar ratio of different 
elements of respective composites were noted which can suggest the tentative formula 
of the prepared composite materials. For PANI-ZTP nanocomposite material, the 
molar ratio of Zr, Ti, P, C, H, O and N was found to be 1:1.12:1.88:6.53: 
17.35:17.47:1, thus the tentative formula is: 
[(Zr02) (Ti02) (HP04)2 (-CfiHfiNH-)]. nHzO 
For PPy-ZTP nanocomposite material, the molar ratio of Zr, Ti, P, C, H, 0 
and N was noted to be 1:1.34:2.34:11.77:25.36:15.21:2.73, thus the suggested 
tentative formula: 
[(Zr02) (TiOz) (H3P04)2 (-C4H2NH-)3] nH20 
The molar ratio of Zr, W, I , P, C, H, 0 and N in the PANI-ZWIP composite 
cation exchanger material was estimated to be 2.02 :1.03:1.06:2:6.2:19.34: 21.27:1.05 
which suggest the following tentative formula of the material: 
[(ZrO)2(W03)(I03)(H3P04)2 (-CeHfiNH-)] .7H2O. 
Assuming that only the external water molecules are lost, the percentage 
weight loss of mass represented by TGA curve must be due to the loss of nH20. From 
the above structure the value of 'n' the external water molecules can be calculated 
using Alberti's equation [44]: 
% Weightless = ^^i^f- X 100 
M + 1 8 n 2 1 
where X is the percent weight loss (-11%) the exchanger and (M +18n) is the 
molecular weight of the material. From TGA curve, -11% weight loss of mass for 
PANI-ZTP , -12% for PPy-ZTP and -6% weight loss for PANI-ZWIP has been 
observed by heating up to 250°C. The calculations give - 4 external water molecule 
(n) for PANI-ZTP, -5 for PPy-ZTP and -3 for PANI-ZWIP per molecule of the 
cation-exchangers. 
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2.3.5 TEM (Transmission Electron Microscopy) studies 
TEM micrographs shows that the particle size of synthesized composite 
materials (PANI-ZTP, PPy-ZTP and PANI-ZWIP) lies in nanorange (Fig. 2.1).They 
are observed to be in the range of 25-52 nm for PANI-ZTP ,31-77 nm for PPy-ZTP 
and 20-28 nm for PANI-ZWIP, which proves that all the proposed cation exchangers 
are nano-composites. 
(a) 
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Fig.2.1 Transmission electron microphotographs (TEM) of (a) PANI-ZTP 
(b) PPy-ZTP and (c) PANI-ZWIP showing different particle size. 
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2.3.6 SEM (Scanning Electron Microscopy) studies 
SEM study was performed to examine the difference in surface morphology 
between the parent materials and their composites. The SEM images of organic 
polymers PAN! and PPy, inorganic precipitate ZTP and ZWIP and composites PANI-
ZTP, PPy-ZTP and PANI-ZWIP at different magnification are represented in Fig.2.2, 
2.3 and 2.4. The SEM image shows the difference in the surface morphology after 
incorporation of the organic polymer into the inorganic precipitate, which indicates 
the binding of the inorganic ion exchange material to the organic polymer, thus the 
formation of a composite material was observed. 
2.3.7 X- ray studies 
The X-ray diffraction studies of the composite cation-exchangers (as prepared) 
was carried out using the range of 5°<29 < 80° at 30KV. Fig.2.5 shows the typical 
XRD pattern of PANI-ZTP, PPy-ZTP and PANI-ZWIP nanocomposites at room 
temperature. The XRD pattern exhibited small sharp peaks in the spectrum that 
suggest semi-crystalline nature of the nanocomposite materials. 
2.3.8 FTIR studies 
The FTIR spectra of the composite cation-exchangers are represented in Fig 
2.6. In the spectrum of PANI-ZTP (Fig. 2.6) a strong broad band around 3500 cm"' 
was found which could be attributed to -OH stretching frequency. Peaks at 1620 cm"' 
was observed, may be due to interstitial water present in the composite material. The 
assemblies of peaks at 950-1100 cm"' are due to the presence of ionic phosphate 
group [45] and peaks at 800 cm"' attributed to M-0 bonding. The additional band at 
about 1400 cm"' in PANI-ZTP can be ascribed to stretching vibration of C-N [46] 
indicating the presence of aniline in good amount and a band around 3000 cm~' may 
be related to the stretching of NH bonds of benzenic and quinonic rings [47] present 
in the material [Fig.2.6A(c)]. Further, these vibration frequencies in Fig.2.6A(c) 
resemble the stretching vibration frequencies for C-N and NH bonds found in 
polyaniline [Fig.2.6A(a)], The FTIR spectrum of PPy(ZTP;i [Fig.2.6.B(c)] indicates 
the presence of extra water mlecules in addition to the -OH groups and metal oxides 
present internally in the material. A strong broad band around 3400 cm"' could be 
attributed to the- OH strecching frequency. 
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Fig.2.2 Scanning electron microphotographs Fig.2.3 Scanning electron microphotograplis 
SEM) of chemically prepared (a) SEM) of chemically prepared (a) 
PANI) (b) ZTP and (c) PANI-ZTP PPy(b) ZIP and (c) PPy-ZTP 
composite system. composite system 
VJ/M/J/''!' 'J 69 
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Fig.2.4 Scanning electron microphotographs (SEM) of chemically prepared 
(a) PANI (b) ZWIP and (c) PANI-ZWIP composite system. 
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Fig.2.5 Powder X-ray diffraction pattern of (a) PANI-ZTP (b)PPy-ZTP 
and (c)PANI-ZWIP nano-composite (as prepared) 
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Fig.2.6 FTIR spectra of as prepared 
(A) (a) polyaniline (b) ZTP and (c) PANI- ZTP 
(B) (a) polypyrrole (b) ZTP and (c) PPy-ZT]^  
(C) (a) polyaniline (b) ZWIP and (c) PANI-Z WIP 
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A sharp peak at 1700cm"' can be ascribed to the H-O-H bending band. The 
assembly of peaks in the region of 950-1100 cm'' is due to the presence of an ionic 
phosphate group and peaks at 800 cm"' are attributed to M-O bonding. The stretching 
vibration of C-N observed at 1350 cm"' indicates that the material contains a 
considerable amount of pyrrole [46]. 
In the spectrum of PANI-ZWIP [Fig. 2.6 C(c)] the broad band in the region 
3600-3000 cm~' assigned to -OH stretching frequency. Another strong and sharp 
peak with a maximum of 1635 cm"' may be due to H-O-H bonding. The assemblies 
of peaks at 950-1100 cm"' are due to ionic phosphate group and peaks at 830-500 cm" 
indicating the presence of iodate and metal oxide. The additional band at about 
1400 cm"' can be ascribed to stretching vibration of C-N indicating the presence of 
organic part aniline in good amount. 
The characteristic stretching frequencies as shown in FTIR spectra of the 
synthesized cation exchanger (PANI-ZTP, PPy-ZTP and PANI-ZWIP) are in close 
resemblance with the spectra of inorganic precipitate and organic polymer indicating 
the binding of organic polymer in inorganic matrix coniirming the formation of 
'organic-inorganic' nanocomposite. 
2,3.9 TGA-DTA (Thermcgravimetric Analysis-Differential Thermal Analysis) 
studies 
The TGA curve of the nanocomposites shows that upto 250°C only 11% 
weight loss was observed in PANI-ZTP [Fig. 2.7(a)], 12% in PPy-ZTP [Fig.2.7 (b)] 
and 6% in PANI-ZWIP [Fig.2.7(c)] which may be due to the removal of external H2O 
molecules present at the surface of the composite materials [48]. A steep weight loss 
was observed between 250°C to 350°C in the nanocomposites are due to conversion of 
inorganic phosphate into pyrophosphate. Further slow weight loss of mass, about 6% 
of PANI-ZTP and 8% of PPy-ZTP was observed in between 300-750°C but in PANI-
ZWIP major weight loss of about 33% takes place in between 300-700°C. This may 
be due to the decomposition of organic material. A smooth horizontal line in the TGA 
curve of respective material represents the complete formation of the oxide form of 
the nanocomposites. A broad peak in the DTA curves of respective nanocomposites 
shows that the reaction is exothermic dtiring the change of phase of material. 
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3.1 Introduction 
ano-ordered composite materials consisting of organic polymers and 
inorganic materials have creation of high-performance or high-functional 
polymeric materials, because of their unique property to combine the significant 
features of organic polymers with those of inorganic materials [1-7]. The sol-gel 
reaction make it possible to incorporate the organic polymer segments in the network 
matrix of inorganic materials.Applications of these materials have been explored in 
the fields of catalyst [8,9], coatings [10,11], gas permselectivity [12,13], fiiel cells 
[14,15], chemical sensors [16], and ion exchange [17-19]. Among them composite 
materials possessing ion-exchange properties have recently drawn particular interest 
because ion-exchange is important for a variety of applications such as water 
treatment, chemical separation and electrochemical sensing [20]. 
An active search for new selective ion-exchangers in the past several decades 
resulted in discovery of a wide variety of synthetic inorganic compounds exhibiting 
ion-exchange properties [21 ] most of which are the hydrous oxides and the hetero 
poly-acids salts of the tetra and pentavalent metals. Synthetic inorganic ion 
exchangers based on tetravalent metals have been objects of considerable study 
because of their selectivity and intercalation properties [22-28]. It has been observed 
that double salts based on tetravalent metal acids exhibit much better ion-exchange 
properties than simple salts [29-30]. A number of two component [31,32], and three 
component [33] ion-exchangers have been established for the selective determination 
of heavy toxic metal ions. 
The present work is concerned with zirconium (IV) based three-component 
ion exchangers. Zirconium-based ion exchangers have received attention because of 
their excellent ion-exchange behavior and some chemical applications in the field of 
ion exchange, ion-exchange membrane and solid-state electrochemistry. 
This chapter deals with the studies of ion-exchange properties of polyaniline 
zirconium titanium phosphate (PANI-ZTP), polypyrrole zirconium titanium 
phosphate (PPy-ZTP) and polyaniline zirconium tungstoiodophosphate (PANI-ZWIP) 
nanocomposite cation exchanger. 
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3.2 Experimental 
3.2.1 Reagents and chemicals 
Hydrochloric acid (HCl, 35%) and nitric acid (HNO3, 35%) were obtained 
from E-Merck India Ltd. All other reagents and chemicals Avere of analytical reagent 
grade. 
3.2.2 Instrumentation 
A water bath incubator shaker having a temperature variation of ± 0.5 C, an 
electronic balance (digital) - Sartorius (Japan), model 21 OS and a digital muffle 
furnace. 
3.2.3 Preparation of PANI-ZTP, PPy-ZTP and PANI-ZWIP nanocomposite 
Various samples of PANI-ZTP, PPy-ZTP and PANI-ZWIP nanocomposite were 
prepared following the method as given in Chapter-2 (section- 2.2.3). On the basis of 
Na"^  ion-exchange capacity and reproducibility, the sample PA-7, PP-9 and PW-6 
(Table 2.1, 2.2 and Table 2.3) were selected for detail studies of their ion-exchange 
behavior. 
3.2.4 Ion-Exchange Properties of 'organic-inorganic' nanocomposites 
3.2.4.1 Ion-exchange capacity (I.E.C.) 
The ion-exchange capacity, which is generally taken as a measure of the 
hydrogen ion liberated by neutral salt to flow thi'ough the composite cation-exchanger 
was determined by standard column process. One gram (Ig) of the dry cation-
exchanger sample (PA-7, PP-9 and PW-6) in the H -^form were taken into a glass 
colunrn with an internal diameter (i.d.) of ~1 cm and glass wool support at the bottom. 
The bed length was approximately 1.5 cm. Solutions of IM alkali and alkaline earth 
metal nitrates were used to elute the H"*" ions completely from the cation-exchange 
column while maintaining a very slow flow rate (~ 0.5 mi min"'). The effluent was 
titrated against a standard O.IM NaOH solution using phenophthalein indicator, to 
determine the total numbers of ions liberated in the solution (I.E.C.) in meqg''. 
3.2.4.2 Elution behavior and effect of eluant concentration 
The optimum concentration of the eluants for complete elution of H"^  ions was 
determined by passing a fixed volume (250 ml) of sodium nitrate (NaNOs) solution of 
ti/ta^eif 3 79 
varying concentrations through the column containing Ig of the nanocomposite cation 
exchanger (PA-7, PP-9 and PW-6) in the H -form with minimum flow rate. The 
effluent was titrated against a standard alkali solution (O.IM NaOH). The efficiency 
of the column was determined by eluting different 10 ml fractions of NaNOs solution 
with minimum flow rate and each fraction of 10 ml effluent was titrated against a 
standard alkali solution for the H"*^  ions eluted out. 
3.2.4.3 pH-titration 
The Topp and Pepper method [34] was employed for pH-titration studies of 
PANI-ZTP (PA-7), PPy-ZTP (PP-9) and PANI-ZWIP (PW-6) in equimolar solutions 
of alkali metal chlorides and their hydroxides. 500 mg portions of the samples in H"^ -
form were treated with 50 ml of the solution concerned. The pH of the solution was 
recorded every 24hr until equilibrium was attained. pH recorded at equilibrium was 
plotted against the milliequivalents of OH' ions added. 
3.2.4.4 Thermal effect on Ion-Exchange Capacity (I.E.C.) 
To study the effect of temperature on the I.E.C, Ig nanocomposite materials 
(PA-7, PP-9 and PW-6) in H-form were heated at various temperatures in a muffle 
furnace for Ihr and the Na ion-exchange capacity was determined by column process 
after cooling them at room temperature. 
3.2.4.5 Selectivity (sorption) studies 
The distribution behavior of metal ions plays an important role in the 
determination of the material's selectivity. In certain practical applications, 
equilibrium is most conveniently expressed in terms of the distribution coefficients 
(Kd values) of the counter ions. 
The determination of metal ions before and after equilibrium was carried out 
volumetrically using EDTA as titrant [35]. 200 mg of the dry exchanger in H* form 
were equilibrated with 20 ml of different metal ion solutions in the required medium 
with continuous shaking for 4hrs in a temperature controlled incubator shaker at 25 ± 
2°C to attain equilibrium and then kept for 24 h. The initial metal ion concentration 
(0.0IM) was so adjusted that it did not exceed 3% of total ion exchange capacity of 
the material. 
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The distribution coefficient (Kd) values were calculated by using the formula 
given below: 
m moles of metal ions / gm of ion - exchanger , , .1 
Js.(j = (ml g ) 3.1 
m moles of metal ions / ml of solution 
i.e. Kd= (I-F)/FxV/M (mlg-') 3.2 
where I is the initial amount of metal ion in the aqueous phase, F is the final amount 
of metal ion in the aqueous phase, V is the volume of the solution (ml) and M is the 
amount of cation-exchanger (g). 
3.2.4.6 Separation factor 
For the preferential uptake of metal ion, the separation factor is determined in 
the separation of a mixture of two metal ions. It can be defined and calculated as: 
Separation factor (a^) = —A-l 3.3 
Where Kd{A) and Kd (B) are the distribution coefficient for the two competing species 
A and B in the ion-exchange system. 
3.2.5 Ion-Exchange Kinetics 
The kinetic behavior of cation-exchange material for the exchange of various 
metal ions was studied on synthesized composite cation exchanger samples (PA-7, 
PP-9andPW-6)inH^form. 
3.2.5.1 Determination of infinite time of exchange 
The infinite time of exchange is the time necessary to obtain equilibrium in an 
ion-exchange process. The ion-exchange rate becomes independent of time after this 
time interval. 
3.2.5.2 Kinetic measurements 
The composite cation-exchange material samples (PA~7, PP-9 and PW-6) were 
grounded and then sieved to obtain particles of definite mesh size (25-50, 50-70, 70-
100 and 100-125). Out of them the particles of mean radii -125 nm (50-70 mesh) 
were selected to evaluate various kinetic parameters. The rate of exchange was 
determined by limited bath technique as follows: 
20 ml fractions of the O.OIM metal ion solutions (Mg, Ca, Sr, Ba, Ni, Cu, Mn 
and Zn) were shaken with 200 mg of the cation-exchangers in H"^ -form in several 
conical flasks at the desired temperatures [25, 40, 55 and 70°C] for different time 
intervals (0.5, 1.0, 2.0, 3.0 4.0 and 5.0 min). The supernatant liquid was removed 
immediately and determinations were made, usually by EDTA titration. Each set was 
repeated four times and the mean value was taken for calculations. 
3.2.5.3 Analytical Studies 
The results are expressed in terms of the fractional attainment of equilibrium, 
U{T) with time according to the equation 
rr( \_ the amount of exchange at time't' 
3.4 
the amount of exchange at inf inite time 
and the corresponding r values were calculated by solving the Nemst-Plank equation 
[36,37]. 
3.3 Results and Discussion 
Among the various samples prepared, the nanocomposite cation exchangers PA-
7, PP-9 and PW-6 were selected for further studies as they possessed better Na^ 
exchange capacity, reproducibility and stability as compared to the inorganic ion 
exchangers ZTP and ZWIP (Table 2.1,2.2 and 2.3). 
In order to check the reproducibility of prepared composite, it was synthesized 
five times under identical condition of concentration of reagents, mixing ratio and 
drying temperature. The composition, ion exchange capacity and yield of each 
product were examined. The averages and standard deviation of the ion exchange 
capacity and yield were found to be 4.52 meq g'* and ±0.03% for PAZTP, 3.66 
±0.02% for PPy-ZTP and 2.82±0.04% for PANI-ZWIP respectively. 
The effect of the size and charge of the exchanging ions on the ion-exchange 
capacity were also observed for these materials. The size and charge of the 
exchanging ions affect the ion exchange capacity of exchanger. The sequence 
obtained is in accordance with the hydrated radii of the exchanging ions (Table 3.1). 
Ions with the smaller hydrated radii easily enter the pores of the exchanger, which 
results in higher adsorption. According to Kossel [38], Goldschmidt [39] and Pauling 
[40] the attraction between cations and anions in ionic crystals obey Coulomb's law 
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Table 3.1 
Ion-exchange capacity (I.E.C.) of various exchanging ions on PANI-ZTP, PPy-ZTP 
and PANl-ZWIP nanocomposites 
Exchanging 
Metal ions 
1; 
1 
Lr 1 
1: 
Ca^ 
i Si^ *^  
Ba^ * 
1: 
• 'i 
•1 
pHofthe 
metal 
solution 
6.30 
6.2 
6.9 
6.0 
6.5 
6.3 
6.2 
Ionic 
radii 
0.9)5 
1.33 
0.68 
i 
0.78 
1 
1.06 
! 
f 
1.27f 
1.431 
Hyd rated 
ionic radii 
(A«) 
2.76 
2.32 
3.40 
7.00 
6.30 
-': 
5.90 
I.E.C. (meq/gm) 
PANI-ZTI' PPy-ZTP 
4.55 
3.57 
2.52 
4.02 
4.20 
4.76 
5.85 
3.68 
3.52 
3.04 
3.51 
4.04 
5.38 
5.76 
PANI-ZWIP 
2.86 
1 
2.35 
2.06 
2.60 
2.73 i 
\ 
3.21 1 
1 
3.47 1 
fo/iaMrr < J 
g^ <ii^'^ 
<SJ 
on demands for ions of equal charge, a small ion will be attracted either to a greater 
force or held more tightly than a larger ion. Therefore., the ion-exchange capacity 
should increase with decreasing hydrated radii and increase with electric potential. 
The column elution experiments indicate that the concentration of the eluants 
depends on the rate of elution. It is evident from the Fig.3.1 that minimum molar 
concentration of NaNOs was found to be 1.6M for PA-7, 1.4M for PP-9 and 1.2M for 
PW-6 sample for the maximum elution of H^ ions from 1 g of the cation-exchangers. 
The elution behavior indicates that the exchange is quite fast as only 210 ml of 
sodium nitrate solution (1.6M) for PANI-ZTP, 190 ml (1,4M) for PPy-ZTP and 200 
ml (1.4M) for PANI-ZWIP was enough to release all the exchangeable H^ ions from 
Ig of cation exchangers (Fig.3.2). 
3.3.1 pH titration 
The synthesized nanocomposite materials appeared to be a strong cation 
exchanger as indicated by their low pH value, i.e. 2.96 for PANI-ZTP [Fig.3.3(a)], 2.76 
for PPy-ZTP [Fig.3.3(b)] and 2.34 for PANI-ZWIP (Fig.3.3(c)], of the solution when no 
OH" ions were added to the system. On the other hand, the weak acidic groups are 
undissociated and thus inactive at this low pH. With the addition of NaOH, the solution is 
progressively neutralized and at the same time the ion-exchange comes to completion. 
Thus, the pH-titration curve of this ion-exchanger showed a gradual rise in pH at the early 
stage of titration and a steep rise at the point of complete neutralization of the cation-
exchanger i.e. strong acidic groups of the composite catioK-exchanger are completely 
converted to the Na^ form. For all three synthesized nanocomposites, the rate of H -^Na^ 
exchange was faster than those of rf^-K* and H -^Li^  exchanges. 
3.3.2 Thermal effect on ion-exchange capacity 
The superiority of the synthesized materials can be readily emphasized from their 
thermal stability. On heating at different temperatures for one hour, the ion-exchange 
capacity of the dried composite cation-exchanger samples (PA-7, PP-9 and PW-6) 
decreased as the temperature increased (Table 3.2). The ion-exchange capacity of the 
nanocomposites are found to be stable up to 150°C and retained about 76% of the initial 
ion-exchange capacity for PANI-ZTP, 73% by PPy-ZTP and 68.5% by PANI-ZWIP 
nanocomposites on heating upto 250°C without noticeable ch;mge in color and physical 
appearance. 
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3.3.3 Selectivity studies 
In order to explore the selectivity potential of the nanocomposite materials, 
distribution studies (kd) for various metal ions were performed in diverse solvents. 
Some factors that affect the distribution coefficient of cations are the charge, size, 
swellings, formation of complexes, nature of the chemical bond, solvent distribution 
and nature of the ion exchanger. The data given in Table 3.3 implies that the kd-
values vary with the nature of the contacting solvents as well as the charge on the 
competing ion and it's ionic radius. It was observed from the sorption studies ( kd 
values) that PANI-ZTP shows higher selectivity for Hg ion, similarly PPy-ZTP for 
Th^^  and PANI-ZWIP for Cu^^ ions respectively. 
3.3.4 Separation factor 
The separation factor is the preference of the ion-exchangers for one of the two 
counter ion species. If the ion A is preferred, the factor is larger than unity, and if B is 
preferred, the factor is smaller than unity. The numerical value of the separation 
factor is not affected by the choice of the concentration units and it shows that the 
nanocomposites are highly preferential for their respective selective toxic metal ions. 
On the basis of Kd values separation factor for some metal ions are calculated for 
PANI-ZTP, PPy-ZTP and PANI-ZWIP are given in Table 3.4, 3.5 and 3.6. The 
values of separation factor clarify that the separation is feasible and can be achieved 
easily. The promising feature of the nanocomposite cation exchanger is their 
selectivity for heavy metal ions which can be utilized for the determination and 
separation of these toxic ions from waste effluents. 
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Table 3.2 
Effect of temperature on I.E.C. of PANI-ZTP, PPy-ZTP and PANI-ZWIP 
nanocomposites on heating for 1 hour 
Heating 
temperature 
50 
100 
150 
200 
250 
300 
350 
400 
500 
600 
650 
700 
PANI-ZTP PPy-ZTP 
I.E.C. % I.E.C. % Retention 
(meq/gm) Retention (meq/gm) of I.E.C. 
of I.E.C. 
4.25 100 3.68 100 
4.25 
4.25 
4.00 
3.24 
2.44 
1.84 
1.12 
0.48 
0.14 
0.10 
0 
100 
100 
94.11 
7623 
5422 
40.89 
24.48 
10.66 
3.11 
2.22 
0 
3.68 
3.675 
3.1 
2.7 
1.8 
1.51 
0.08 
0.39 
0.08 
0 
100 
99.86 
84.23 
73.36 
48.91 
41.03 
24.34 
10.59 
2.14 
1 
0^ 
PANI-ZWIP 
I.E.C. % 
neq/gm) Retention 
of I.E.C. 
2.86 
2.86 
2.86 
2.38 
1.96 
1.73 
1.13 
0.83 
0.60 
0.15 
100 
100 
100 
83.22 
68.53 
60.49 
39.51 
29.02 
20.97 
5.24 
0.06 
0 
2.09 
^j/ia/Mer 3 <s,s 
^^efu, m^u^, m.^m^ 
Table 3.3 
Kd values of some metal ions on PANI-ZTP (PA-7), PPy-ZTP (PP-9) and PANI-
ZWIP (PW-6) nanocomposites in different solvent system 
Metal 
ions 
Solven 
OMW 
HNO] 
1(^ 2 M 
HNO3 
10-2M 
H2SO4 
10-3 M 
HCt 
? 
5 1 
lO-'il 
HCIO4 
t 
CH3COO 
j 
20% 
Acetone 
pH5.75 
ts 
PA-7 
PM 
PW4 
PA.7 
PP-9 
1 PW-6 
PA.7 
PP^ 
PW4 
PA.7 
f PP-9 
1 
P«M 
PA-7 
PP-9 
PW-« 
PA-7 
PP-9 
PW-6 
PA.7 
H 
PP-9 
PW-6 
PAr7 
PP-9 
PW-6 
PA-7 
PP-9 
PW-6 
Mg 
(II) 
150 
188 
' 100 
14 
5 
127 
134 
40 
26 
6 
16 
17 
17 
70 
14 
20 
100 
11 
18 
44 
86 
56 
156 
134 
Ba 
(II) 
127 
142 
250 
50 
158 
79 
15 
14 
133 
95 
30 
43 
250 
290 
245 
27 
44 
67 
32 
6 
116 
91 
440 
170 
-
-
180 
Ca 
(") 
29 
5 
36 
160 
100 
13 
42 
66 
149 
46 
78 
162 
120 
50 
70 
53 
60 
11 
30 
50 
11 
59 
267 
56 
200 
Cu 
(II) 
162 
800 
297 
* 
104 
305 
20 
116 
250 
101 
36 
297 
155 
379 
TA 
40 
50 
400 
80 
111 
510 
136 
650 
700 
226 
412 
375 
Pb 
(II) 
710 
1000 
* 
260 
; -
45 
150 
850 
59 
345 
70 
178 
434 
78 
200 
113 
384 
260 
79 
342 
180 
TA 
720 
150 
756 
342 
100 
Hg 
(II) 
1734 
•at> 
200 
110 
66 
116 
91 
10 
728 
67 
117 
800 
234 
400 
150 
105 
78 
204 
121 
298 
2000 
473 
223 
1200 
286 
275 
Al 
(HI) 
10 
30 
113 
100 
-
57 
25 
286 
67 
18 
-
276 
6 
17 
160 
9 
147 
43 
32 
42 
309 
42 
43 
167 
42 
120 
Ni 
(II) 
63 
10 
34 
140 
342 
20 
33 
40 
43 
38 
65 
117 
-
20 
16 
20 
25 
40 
-
-
136 
•i 
-
30 
136 
-
150 
Cr 
(II) 
86 
50 
234 
300 
-
200 
-
131 
15CI 
75 
45 
66 
110 
-
66 
115 
40 
22c 
13C 
66 
-
10(1 
490 
130 
60 
Th 
(IV) 
63 
1415 
25 
26 
637 
33 
90 
1480 
0 
567 
110 
85 
108 
1136 
130 
648 
80 
234 
567 
100 
215 
900 
80 
-
567 
66 
Co 
(«) 
115 
12 
108 
50 
Tl 
20 
25 
17 
120 
81 
50 
46 
146 
46 
60 
23 
108 
-
-
-
63 
123 
250 
1000 
-
87 
Zn 
(II) 
42 
14 
8 
10 
90 
50 
56 
26 
-
17 
90 
47 
233 
400 
73 
50 
-
30 
250 
118 
56 
366 
109 
-
150 
Mn 
(II) 
67 
38 
25 
43 
80 
25 
25 
-
87 
38 
59 
74 
157 
-
30 
50 
120 
200 
67 
48 
50 
-
132 
200 
100 
Cd 
(II) 
159 
400 
164 
164 
69 
25 \ 
-
66 
15 
-
\ 
42 
,.) 
92 
'i 
25 
50 
70 ; 
30 
167 
263 
473 
-.f 
30 
172 
100 
(O/iffMer <j <sv 
.^u. m^u^ m.^m^ s^smi 
Table 3.4 
Separation factor of different metal ions on PANI-ZTP composite cation exchanger 
Separation Factor 
a?"* 
m 
an 
Pb 
oJh 
Zn 
an 
Ba 
an 
Al 
an 
Ca 
an 
Sr 
an 
Zn 
an 
Co 
DMW 
141.50 
7.52 
101.07 
9.76 
41.66 
250 
5.86 
89.29 
9.32 
lxl0^MHCIO4 
25.9 
32.4 
8.87 
162 
1.56 
4.32 
15.2 
3.13 
2.12 
IxlO^MHCI 
56.8 
66.8 
24.17 
3.92 
58.8 
8.33 
16.95 
21.27 
21.74 
IxlO^MHNOj 
37 
11.04 
185 
105.71 
7.34 
50 
23.07 
262.5 
123.53 
Table 3.5 
Separation factor of different metal ions on PPy-ZTP nanocoraposite cation exchanger 
Separation 
Factor 
a"* 
Ph 
a"* 
Zn 
a"x 
Al 
a"' 
t'w 
a" 
Zn 
a" 
Cd 
a'' 
Cu 
Ph 
a Mg 
DMW 
0 
78.81 
173.04 
27.52 
115.60 
14.09 
1.95 
1.91 
2.44 
IxlO^MHCIO^ 
6.75 
60 
71.46 
32.04 
24.44 
8.87 
17.18 
11.96 
10.57 
IxlO^MHCI 
5.97 
27.59 
0 
0 
17.39 
8.06 
5.57 
1.51 
46.80 
1x10 ^M 
HNO3 
2.5 
35.71 
6.32 
20.40 
58.82 
14.28 
13.80 
25 
16 
Table 3.6 
Separation factor of different metal ions on PANI-ZWIP nanocomposite cation 
exchanger 
Separation 
Factor 
a 
n 
a'" 
Zn 
a'" 
Mg 
a'" 
At 
a'" 
Co 
a'" 
In 
a'" 
Cd 
a'" 
Hg 
DMW 
0 
78.81 
13.65 
173.04 
27.52 
115.60 
14.09 
1.95 
1.91 
lxl0-*MHCIO4 
6.75 
60 
116.21 
71.46 
32.04 
24.44 
8.87 
17.18 
11.96 
1x10^ MHO 
5.97 
27.59 
47.06 
0 
0 
17.39 
8.06 
5.57 
1.51 
IxlO^MHNOa 
2.5 
35.71 
40 
6.32 
20.40 
58.82 
14.28 
13.80 
25 
W/(a^j/er <J <JJ 
3.3.5 Ion-Exchange Kinetic Studies on PANI-ZTP, PPy-ZTP and PANI-ZWIP 
nanocomposites 
Kinetic measurements were made under conditions favoring a particle 
diffusion-controlled ion-exchange phenomenon for the exchange of Mg(II)-H(I), 
Ca(II)- H(I), Sr(II)-H(I), Ba(II)-H(I), Ni(II)-H(I), Cu(II)-H(I), Mn(II)-H(I) and 
Zn(II)-H(I). The particle diffusion controlled phenomenon is favored by a high metal 
ion concentration, a relatively large particle size of the exchanger and vigorous 
shaking of the exchanging mixture. 
The infinite time of exchange is the time necessary to obtain equilibrium in an 
ion-exchange process. The ion-exchange rate becomes independent of time after this 
interval. Fig.3.4 shows that 35 and 20 min were required for the establishment of 
equilibrium at 35°C on PANI-ZTP [Fig.3.4(a)] and PPy-ZTP [Fig.3.4(b)], similarly 
40 min was required for equilibrium at 40°C on PANI-ZWIP [Fig.3.4(c)| for Mg^^-
H exchanges respectively. Similar behavior was observe.i for Ca^^-H^ Sr^'^-H^ 
Ba^^-H^ Ni^^-H^ Cu^^-H^ Mn^ '^-H^ and Zn^^-H^ exchanges. 
A study of the concentration effect on the rate of exchange at 35°C and 40°C 
showed that the initial rate of exchange was proportional to the metal ion 
concentration as shown in Fig.3.5. Below the concentration of, 0.03M for PANI-ZTP 
[Fig. 3.5(a)], 0.04M for PPy-ZTP [Fig. 3.5(b)J and PANI-ZWIP (Fig. 3.5(c)], film 
diffusion control was more prominent. 
On the basis of the Nemst-Planck equation, the numerical results can be 
expressed by explicit approximation [41-43]. 
( / ( r )={l-exp[;r^( / ; («)r + / , («) r^+/3(a) r^ )\Y' 3.5 
where r is the half time of exchange=£)//* t/r^, a is the mobility ratio =bH*/DM'*, 
ro is the particle radius, DH* and D^4^* are the inter diffusion coefficients of counter 
ions H and M respectively in the exchanger phase. The three functions//(aj, f2(a) 
md fsfa), depend upon the mobility ratio (a) and the charge ratio (Z^, ^-^^2+) of the 
exchanging ions. Thus they have different expressions as given below. When the 
exchanger is taken in the H^ form and the exchanging ion is M ,^ fori < a < 20, as in 
the present case, the three functions have the following values: 
9fia/)(er 3 9^ 
Q^,ma^^^^u^, ^.0:3^^ 
I 
I 
a 
S 
s 
r 
c 
II 
! 
I " 
1 ' 
f ; 
20 30 40 
Time/min 
50 60 
(b) 
•Mg(ll) 
•Ca{ll) 
10 20 30 
Time / min 
40 50 
10, 20 30 40 SO 60 
I Time/ min 
Fig.3.4 Plot of U(T) versus t (time) for M (II)- H(I) exchanges at 35T on (a) PANI-
ZTP, (b)PPy-ZTP and 40°C on (c) PANI-ZWIP nanocomposites cation-
exchanger for the determination of infinite time 
'^/ia/)(er J Od 
^>en^m^u^. m.^Mm 
0^ 
0.5 
0.4 
H 0.3 
0.2 
0.1 
0 1 2 3 
s Time/ min 
-ih-O.Ol M 
- • - 0 . 0 2 M 
-O-0.03M 
-*-0 .04M 
—•-0.05M 
-®-0.06M 
\ 
. 
• • 
4 
Fig. 3.5 A plot of T vs. / (time) for M(II)-H(I) exchanges at 35 °C on (a) PANI-
ZTP,(b)PPy-ZTP and at 40 ^ C on (c)PANI-ZWIP nanocomposite using 
different concentration of metal solution. 
'//Ve/ cJ 'UIJ 9i 
i2u^ > mi^u^. m.G^Xii6 ,^9im 
^^^' '^^"0.27 + 0.09a"^» ^'^ 
Each value of IJ{T) will have a corresponding value of t which is obtained on 
solving Eq. (3.5) using a computer. The plots of r versus time (t) at the four 
temperatures, as shown in Fig.3.6, Fig.3.7 and Fig.3.8, are straight lines passing 
through the origin, confirming the particle diffusion control phenomenon for M(I1)-
H(I) exchanges at a metal ion concentration of 0.03M for PANI-ZTP, 0.04M for PPy-
ZTP and PANI-ZWIP. The S values are related \.ODH^ as follows 
S^birlrl, 3.9 
The slopes (S values) of various T versus time (t) plots are given in Table 3.7. 
The values of log DH* obtained by using Eq. (3.10) plotted against 1000/ T(K) are 
straight lines as shown in Fig.3.9, 3.10 and 3.11 thus verifying the validity of the 
Arrhenius relation: 
DH^ =D^Qx^(-EJRT ) 3.10 
Table 3.7 
Slopes of various T versus time (t) plots of PANI-ZTP, PPy-ZTP and PANI-ZWIP 
nano-composites at different temperatures 
Migrating 
ions 
5 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(Il) 
Mn(II) 
NKII) 
Cu(II) 
Zn(ll) 
35°C 
8.33 
7.96 
6.82 
7.16 
6.83 
5.30 
8.40 
7.33 
UJ/uM'r t. 
PANI-ZTP 
: 45°C 
10.0 
9.63 
8.02 
9.67 
8.53 
9.50 
10.10 
8.67 
> 
55°C 
13.33 
11.66 
9.16 
10.67 
11.80 
11.93 
13.67 
10.27 
65°C 
15.42 
13.46 
10.22 
12.83 
13.60 
15.67 
15.17 
14.33 
35°C 
1.33 
1.69 
3.8 
2.48 
6.5 
3.67 
3.27 
5.00 
10 -^  S (s') 
PPy-ZTP 
45°C 
2.08 
2.13 
4.9 
5.08 
8.17 
5.32 
4.47 
6.67 
55°C 
2.58 
2.48 
5.87 
8.26 
13.18 
6.87 
7.08 
8.88 
6S°C 
3.07 
3.43 
7.27 
8.28 
18.33 
8.17 
10.07 
13.33 
WC 
2.26 
1.35 
1.01 
1.52 
2.95 
2.34 
5.15 
1.84 
PANI-ZWIP 
40°C 
2.78 
1.83 
1.75 
1.97 
3.3 
2.89 
6.35 
2.81 
50°C 
3.62 
1.18 
1.3^  
2.5 
7.28 
4.32 
8.24 
4.95 
9o 
60°C 
5.07 
2.11 
1.5 
3.09 
8.61 
4.85 
10.27 
6.83 
^^m^u^. m.0:m^ 
T 1 T " 
a 3 | 
Fig. 3.6 Plots of r versus / (Time) for different M(II)- H(I) exchanges at different 
temperature on PANI-ZTP nanocomposite cation-exchanger. 
^/U//A 'KM'I' O 'JO 
Q^^^mi^u^. m.^m^ 
•35 oC 
-55 oC 
Fig. 3.7 Plots of T versus / (Time) for different M(II)- H(I) exchanges at different 
temperature on PPy-ZTP nanocomposite cation-exchanger. 
V/ui/jfei' J 97 
Q^^mam^u^. m.m:Xii6 
Fig. 3.8 Plots of T versus / (Time) for different M(n)- H(I) exchanges at different 
temperature on PANI-ZWIP nanocomposite cation-exchanger 
fd/ia/)le)- 3 9S 
isu^^^,^, mMM^ 
f i 
f 
-10.4 
-10.6 
-10.8 
-11 
-11.2 
-11.4 
1000/T (K) 
2.96 3.2S 
•MgtII) -Q-Ca(II) -*-Srai) - t -Bapi) 
f 1000/T (iq 
-10.9 
X 
fi -11.1 
o 
-11.3 
-11.5 
3.25 
•Mn(io -o-Nian -A-cuon -*-znar) 
I 
Fig. 3.9 Plots of logDH^ versus 1000/ T (K) for metal ions on PANI-ZTP 
nanocomposite cation-exchanger. 
'//y> •JiaMer < J 99 
^ma,mi^u^, mMMm 
-22.5 
1000/T(K) 
-23 
o 
o 
2.96 3.05 3.14 3.25 
-23.5 
-24 J 
•Mg(II) -<i-Ca(U) -*-SrPQ _#_Ba(II) 
-22.6 
-23 
Q 
-23.4 
-23J 
1000/T (K) 
2.96 3.05 3.14 3.25 
•MnOO -o-NI(II) -6-CupQ -•-ZnOO 
Fig. 3.10 Plots of logbn* versus 1000/ T (K) for metal ions on PPy-ZTP 
nanocomposite cation-exchanger. 
W/iaMer <J /()() 
Q^^eru^mifi^. m.^Xiii 
\ 
i •23 
-23.2 
Q* -23.4 
-23.6 
-23.8 
-24 
1000/T(K) 
3.095 3.19 3.3 
•Mg(»I) 
-caao •Sr(II) •Ba(IO 
1000/T(K) 
X 
Q 
•23 
•23.2 
-23.4 
-23.6 
-23.8 
-24 
3.095 3.19 3.3 
ZnOQ 
Fig. 3.11 Plots of logbn^ versus 1000/ T (K) for metal ions on PANI-ZWIP 
nanocomposite cation-exchanger. 
(b/ta/^ef J /()/ 
Do is obtained by extrapolating these lines and using the intercepts at the origin. 
The activation energy (f^) is then calculated with the help of the Eq.3.10, putting the 
value of DH* at 273 K. The entropy of activation [AS'"') v/ere then calculated by 
substituting Do in Eq. 4.11 
A=2.72c/'(A:r/A)exp{AS°/7?) 3.11 
where d is the ionic jump distance taken as 5 A° [44], k is the Boltzmann constant, R 
is the gas constant, h is Plank's constant and T is taken as 273 K. The values of the 
diffusion coefficient (Do), energy of activation (Ea) and entropy of activation iAS°), 
thus obtained are summarized in Table 3.8. 
The kinetic study reveals that equilibrium is attained faster at a higher 
temperature probably because of a higher diffusion rate of ions through the thermally 
enlarged interstitial positions of the ion-exchange matrix. Negative values of the 
entropy of activation suggest a greater degree of order achieved during the forward 
ion-exchange in M(II)-H(I) process. From the Table 3.8, it was observed that the 
self-diffusion co-efficient is highest for Ba^ ^ ion in all of the three composite material. 
As ionic radii of Ba^ "" ion is greater, the Ba^ "^  ion is least hydrated and therefore its 
self-diffusion co-efficient is higher. 
According to the value of self-diffusion co-efficient, the selectivity order of 
metal ions for PANI-ZTP was Ba^^ > Sr^ ^ > Ca^^ > Mn^^ > Ni^ ^ > Zn^^ > Cu^^ > 
Mg^^ for PPy-ZTP it follows the order Ba^ ^ > Sr^ ^ > Mn^' > Zn^^ > Ni^^ > Cu^* > 
Ca^ ^ > Mg^^ and for PANI-ZWIP the order observed Ba^' > Ca^ ^ > Ni^* > Zn^^ > 
Mn * > Sr ^ > Cu * > Mg^ "" . Further, it was found that Ea (activation energy) values 
of metal ions on the nanocomposites are in the order of Ba^ ^ < Sr^ ^ < Ca^"*^  < Mn^ "^  < 
Ni^ ^ < Zn^^ < Cu^^ < Mg2^ for PANI-ZTP, for PPy-ZTP it follows Ba^ ^ < Sr^ ^ < 
Mn^^< Zn^^ < Ni^* < Cu^^  < Ca^ ^ < Mg^^and PANI-ZWIP follows Ba^^ < Ca^ ^ < Ni^ ^ 
< Zn * < Mn "" < Sr ^ < Cu^"*^  < Mg^^ indicating the order of exchange process of 
metal ions. Lower the activation energy (Ea) stronger the preference for metal ion by 
the exchanger site. Similarly smaller standard entropy change (A5 )^ values indicate 
the preference of more active exchangeable site in the exchanger and strong 
preference for those metal ions [45]. 
"^/m/^er^ /OS 
Table 3.8 
Values of A;, Ea and A^^ for the exchange of H(I) with some metal ions on PANI-
ZTP, PPY-ZTP and PANI-ZWIP nanocomposite. 
Metal ion 
exchange 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Ni(II) 
Cu(II) 
1 ? 
Zn(II) 
; 1: 
Mn(II) 
Composite 
material 
PANI-ZTP 
PPy-ZTP 
PANI-ZWIP 
PANI-ZTP 
PPy-ZTP 
**1»ANI-ZWIP 
PANI-ZTP 
PPy-ZTP 
"'^ 1*AN Z^WIP 
PANI-ZTP 
PPy-ZTP 
""VANI-ZWIP 
PANI-ZTP 
PPy-ZTP 
fANI-ZWIP 
PANI-ZTP 
PPy-ZTP 
1»ANI-ZWIP 
PANI-ZTP 
PPy-ZTP 
1»ANI-ZWIP'" 
PANI-ZTP 
PPy-ZTP 
10'Ionic 
mobility 
(m^ V' s') 
55 
62 
62 
66 
52 
57 
m^^^^^l^y/-: 
56 
55 
-^fOAvrmf^^'^WW' 
10^ 
ionic 
radii 
(nm) 
7.8 
10.6 
12.7 
14.3 
7.8 
7.0 
8.3 
9.1 
(10-^) 
D„ (m^ s') 
1.23 
3.63 
5.37 
1.91 
5.49 
8.14 
2.04 
1.82 (lO-^ -) 
6.18 
3.16 
2.24(10- '^) 
8.20 
1.41 
6.92 
7.78 
1.06 
6.31 
5.54 
1.23 
1.12(10-") 
6.64 
1.42 
2.15(10-'') 
6 ^ 
Ea 
(kJmol') 
20.53 
28.94 
30.82 
15.94 
28.92 
21.04 
15.92 
23.95 
30J1 
15.90 
21.93 
20.07 
19.90 
25.63 
28.15 
19.93 
28.22 
30.34 
19.94 
25.60 
28.23 
17.53 
23.90 
29.07 
AS" 
(JK' 
mol') 
-98.34 
-336.92 
-333.66 
-93.36 
-333.47 
-330.19 
-92.79 
-322.51 
-332.28 
-89.15 
-321.79 
-330.13 
-97.11 
-331.55 
-330.58 
-97.76 
-332.32 
-333.39 
-97.57 
-327.66 
-331.39 
-97.00 
-323.13 
-332.28 
(D/iaf)ler ri /(A. 
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4.] Introduction 
T he twentieth century witnessed a tremendous change in the human life style due to the revolutionary discoveries and developments in the field of polymer 
science and engineering. There is a long history of successful development, which 
came from the enormous contributions of numerous people [1]. Since the discovery of 
conducting polymers by Nobel Prize winner Alan 1. Heeger, H. Shirakawa and Alan 
G. MacD\armid in 2000 [2], there has been an explosive growth of research in the 
field of conducting polymers owing to their interesting electrical properties and their 
potential applications in various fields like electrochromic displays electronic devices, 
modified electrodes, chemical and bio-sensors etc [3-7]. The electrical conductivity of 
the conducting polymers is due to the conjugated backbone, which is totally 
responsible for electro-active character with chemically active surface [8-11]. But the 
major concern in this area is the poor processibility and mechanical property of these 
polymers and their instability in ambient conditions. Research in this field aims 
mainly at some suitable modifications of existing polymers so that their applicability 
can be improved. Some of these modifications involve preparing hybrid materials in 
which organic materials and inorganic oxides or salts of different metals combine in 
some special fashion with the conducting polymers to give rise to the composites. 
Because of their light weight, low cost, low-temperature fabrication, good mechanical 
strength, and good environmental stability, polymer-based conducting composites 
have acquired an important position among technologies based on conducting and 
semiconducting materials [12,13]. 
Among known conducting polymers, polypyrrole and polyaniline are most 
frequently used in the commercial applications due to the high conductivity, long term 
stability of their conductivity and the possibility of forming homopolymers or 
composites with optimal mechanical properties. The electrical and electronic 
properties exhibited by solid-state materials are crucial in a large number of inorganic 
as well as organic-inorganic material applications [14-25]. 
In this chapter, we report the preparation of nanocomposite polyaniline 
zirconium titanium phosphate (PANI-ZTP), polypyrrole zirconium titanium 
10(; 
phosphate (PPy-ZTP) and polyaniline zirconium tungstoiodophosphate (PANI-
ZWIP), of conducting polymers [polyaniline (PAN!) and polypyrrole (PPy)] and 
polyvalent metal acid salts [zirconium titanium phosphate (ZTP) and zirconium 
tungstoiodophosphate (ZWIP)] by mixing different amounts (vol.%) of organic 
monomers with fixed volume of inorganic precipitates. The electrical conducting 
behavior of nanocomposites with increasing temperature was measured by using 4-in-
line-probe DC electrical conductivity measuring instrument. 
4.2 Experimental 
4.2.1 Reagents and instruments 
The main reagents used for the synthesis of the material were obtained from 
CDH, Loba Chemie, E-merck and Qualigens (India Ltd., used as received). All 
other reagents and chemicals were of analytical grade; an electronic balance 
(digital, Sartorius-210S, Japan). A 4-in-line-probe electrical conductivity-measuring 
instrument, scientific Equipment (India), was used for measuring the dc electrical 
conductivity. A hydraulic pressure instrument and a micrometer having least counts 
0.01 mm was used for pellet preparation. 
4.2.2 Preparation of the reagent solutions 
Solutions of titanium tetrachloride, TiCU and a O.IM solution of zirconium 
oxychloride, ZrOCb.SHaO were prepared in demineralized water with different 
concentrations of H2SO4 and Na2HP04 respectively, while solution of sodium 
tungstate,NaHW03 , O.IM of potassium iodate, KIO3 and orthophosphoric acid, 
H3PO4 solutions of different molarities were prepared only in demineralized water. 
Different volume percentage of aniline and O.IM ammonium persulphate were 
prepared in IM HCl. Pyrrole solutions of different percentage concentrations (v/v) 
were prepared in toluene and FeClj solution. 
4.2.3 Preparation of PANI-ZTP, PPy-ZTP and PANI-ZWIP composites 
Various samples of PANI-ZTP, PPy-ZTP and PANI-ZWIP nanocomposite were 
prepared following the method as given in Chapter-2 (section- 2.2.3) by mixing 
different concentrations of polyaniline [approximatel}' 5-30% (vol.%)] and 
polypyrrole [2 to 20% (vol.%)] monomers into inorganic precipitates of ZTP and 
ZWIP, respectively. 
A.IA Electrical conductivity measurement studies 
The measurements of electrical conductivity were carried out on various 
samples of PANI-ZTP (PAN-4), PPy-ZTP (PPy-6) and PANI-ZWIP (PAZ-4) (Table 
4.1) selected nanocomposites. 
4.2.4.1 Treatment with HCI solution (acid doping) 
The composite materials were treated with 0.5M aqueous solution of HCI to 
induced protonic acid doping. The materials were washed for excess HCI with doubly 
distilled water repeatedly till the filtrate gave negative test for hydrogen ions. Then 
the samples were dried at 50°C in an oven for 48 hrs. 
4.2.4.2 Sample (pellet) preparation 
The dried sample materials were finely grounded in a mortar pastle and then 
pellets were made at room temperature with the help of a hydraulic pressure 
instrument at 25kN pressure for 20 min. Thickness of each sample was measured by 
micrometer at five different points and the average thickness was taken as the 
thickness of the pellet sample. 
4.2.4.3 Instrumental method of electrical conductivity measurements 
Four probe DC electrical conductivity measurements with increasing 
temperature (between 40 and 200*C) for the samples of PANI-ZTP, PPy-ZTP and 
PANI-ZWIP (as prepared and HCI treated) were performed on pressed pellets by 
using a 4-in-line-probe DC electrical conductivity measuring technique. 
4.2.4.4 Thermal stability of composites in terms of DC electrical conductivity retention 
4.2.4.4.1 Isothermal technique 
The isothermal stability of the nanocomposite materials in terms of DC 
electrical conductivity retention was carried out at 50, 70, 90, 110, 130 and 150°C in 
an air oven on the selected nanocomposite samples at an interval of 25 min. 
4.2.4.4.2 Cyclic technique 
/08 
The thermal stability of the prepared nanocomposite materials in terms of 
electrical conductivity retention were also studied by cyclic measurement of the 
conductivity on pellets with increasing temperature from 30°C to 150°C. The 
measurements were repeated on the same samples in this temperature range for five 
times at intervals of 25 min. 
4.2.4.5 Environmental stability of conductivities of the composites 
The stability of the composite materials (PANI-ZTP, PPy-ZTP and PANI-
ZWIP, HCI treated) in terms of electrical conductivity retention was studied by 
repeatedly measuring four-in-line probe DC electrical conductivity at room 
temperature on pressed pellets at an interval of five days by short-term exposure to 
laboratory air. 
4.2.4.6 Effect of different doping agents on conductivity 
The composite materials (PANI-ZTP, PPy-ZTP and PANI-ZWIP) were 
treated with different metal ions as doping agent i.e. IM LiCl, NaCl, KCl, CaCl2, 
Mn(N03)2,MgCl2, Co(N03)2, Ni(N03)2 and Cu(TvI03)2 solutions and their conductivity 
measurements were carried out. 
4.3 Results and Discussion 
In this chapter, various samples of PANI-ZTP, PPy-ZTP and PANI-ZWIP 
electrically conducting 'organic-inorganic' nanocomposite materials were chemically 
prepared by the incorporation of polyaniline and polypyrrole conducting polymers 
into the inorganic matrices of ZTP and ZWIP, respectively i.e. by mixing different 
concentrations (vol.%) of organic monomers into the fixed volimie of inorganic 
precipitates. These composite materials contain two components viz. inorganic and 
organic. The inorganic components of the composites are the efficient ion-exchange 
materials whereas organic parts are good electronically conducting polymers. 
Basically it is electronic conduction contributed by the conducting components by the 
charge-transfer reaction between organic component of the composites and doping 
agents, HCI, respectively. Controlling the doping process (i.e. treatment with aqueous 
solution of HCI), the electrical conductivity of these materials could be varied from 
insulator, through semiconductor to metallic range and vice-versa. 
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In general, a high electrical conductivity of conductive polymers is attained by 
dopant, which stabilizes the polaron and bipolaron states as counter anions [26-29]. 
To explain the conduction mechanism in the conducting polymers, the concept of 
polaron and bipolaron was introduced. Low level of oxidation of the polymer gives 
polaron and higher level of oxidation gives bipolaron. Both polarons and bipolarons 
are mobile and could move along the polymer chain by the rearrangement of double 
and single bonds in the conjugated system. Conduction by polarons and bipolarons is 
supposed to be the dominant factors which determine the mechanism of charge 
transport in polymer with non-degenarate ground states. 
Among the samples prepared PAN-4, PPy-6 and PAZ-4 (Table 4.1) were 
selected for detail electrical conductivity studies. 
Table 4.1 
Values of the DC electrical conductivity for PANI-ZTP, PPy-ZTP and PANI-ZWIP 
nanocomposites with different monomer concentration 
S. No. 
PAN-1 
PAN-2 
PAN-3 
FAN-4 
PAN-5 
PAN-6 
PAN-7 
0 / 
/o 
Aniline 
2% 
5 % 
8% 
10% 
15% 
20% 
2 5 % 
Conductivity 
(S/cm) of 
PANI-ZTP 
3.2x10-' 
7.2x10-^ 
3.4x10-* 
3.11x10-^ 
5.44x10-^ 
7.76x10'^ 
9.46x10' 
S.no. 
PPy-1 
PPy-2 
PPy-3 
PPy-4 
PPy-5 
PPy-6 
PPy-7 
% 
Pyrrole 
3% 
10% 
14.3% 
16% 
23% 
33% 
40% 
Conductivity 
(S/cm) 
PPy-ZTP 
4.13x10* 
2.82x10"' 
5.64x10'^ 
2.12x10"" 
5.19x10"* 
2.7x10-^ 
5.26x10-^ 
S.no. 
PAZ-1 
PAZ-2 
PAZ-3 
PAZ-4 
PAZ-5 
PAZ-6 
PAZ-7 
% 
Aniline 
2% 
5 % 
8% 
10% 
15% 
20% 
2 5 % 
Conductivity 
(S/cm) 
PANI-ZWIP 
1.65 xlO"' 
7.65x10"^ 
9.65 xlO"^ 
5.40 xio ^  
3.46x10"' 
4.65x10"' 
5.40x10"' 
^^fui^4 //() 
4.3.1 Electrical conductivity measurements 
Electrical conductivities of the pellets ofPANI-ZTP, PPy-ZTP and PANI-ZWIP 
nanocomposite samples were determined by most satisfactory four-probe method [30] 
for semiconductors as it overcomes difficulties which are encountered in conventional 
methods of conductivity measurement (i.e., two probe). The current-voltage data so 
generated by a 4-in-line probe DC electrical conductivity-measuring instrument was 
processed for calculation of resistivity (Po) from which the electrical conductivity (a) 
was calculated using the following relation 
P = Po / G?(W / S) 
Po = V / J x 21t S 
G7 (W / S) = (2S / W) In 2 
1 
(l=-
P 
. ..4.1 
... 4.2 
... .4.3 
... .4.4 
where P is resistivity (ohm cm), Po= specific resistivity (ohm cm), G7( W / S) is the 
correction factor used for the case of a non conducting bottom surface, which is a 
function of W, the thickness of the sample under test (cm) and S, the probe spacing 
(cm), J is the current (A), V is the voltage (V) and (lis the DC electrical conductivity 
in Scm - I. Although the electrical conductivity measurements were done under 
ambient conditions, the composite samples were thoroughly dried before making the 
pellets and performing the electrical conductivity measurements. Hence, the 
contribution of protonic conductivity to the total electrical conductivity due to the 
presence of moisture should be minimum and need not to be taken into consideration. 
The main constituent that makes the composites electrically conductive are 
polyaniline and polypyrrole. Therefore, the dependence of the electrical conductivity 
with different concentrations of aniline and pyrrole monomer was examined. On 
examination, it was observed that the slight increase in electrical conductivity for the 
composites was followed at a certain monomer concentration by a sudden jump, 
which was again followed by a moderate increase. At about 10% aniline 
concentration and 20% pyrrole concentration (critical concentration of conducting 
phase), the sharp rise in electrical conductivity was observed for the prepared 
composites (Table 4.1). This can be explained on the basis of percolation theory [31]. 
For electrically conductive polymer composites, there exists a sharp change in 
conductivity when the volume fraction of the conductive component reaches a 
percolation threshold. At lower concentration, the composite remains an insulator. At 
a critical volume fraction, the resistivity of the composite falls sharply to a level at 
/1/ 
which the composite can readily conduct electricity. This is due to the formation of a 
fine conducting network formation at that critical concentration of conducting 
material. The conversion of a blend/composite from an insulator to conducting is 
known as percolation phenomenon. The electrical conductivity of the composite is 
due to oxidized polymers maintained in their conductive state by PANI-ZTP/ZWIP 
and PPy-ZTP counter ions in excess. 
The electrical conductivity (a) measurements of the nanocomposite cation-
exchangers (as prepared and HCl treated) were observed with increasing temperatures 
from 30°C to 150°C. On examination, it was observed that the electrical conductivity 
of the prepared samples increase with the increase in temperature and the values were 
in the range of 10"'- 10"^  S cm"' for PANI-ZTP, 10"^ -10"^  S cm"' for PPy-ZTP and 10"^  
to 10"^  S cm"' for PANI-ZWIP nanocomposites which all lies in the semiconductor 
region. To determine the nature of dependence of electrical conductivity on 
temperature, plots of log a versus 107T(K"') were drawn (Ilg. 4.1) and they followed 
Arrhenius equation similar to other semiconductors [32]. It v/as also observed that the 
composite materials showed enhanced electrical conductivity on exposure to HCl as 
compared to original form. This increase in conductivity with increase in temperature 
is the characteristics of "thermal activated behaviour" [33]. 
4.3.2 Stability of composites in terms of DC electrical conductivity retention 
It is generally considered for the thermal degradation of the usual polymers that 
the elimination of hydrogen/loss of dopant from the polymer chains occurs at high 
temperatures, and an oxygen molecule reacts with the generated radicals in air. In 
case of polyaniline and polypyrrole, this would stop the extension of the n 
conjugation of polyaniline and polypyrrole chains. Therefore, decrease in electrically 
conductivity occurs. Thus, the factors that influence the stability of the conductivity 
composites are of considerable interest, both from fundamental and industrial 
perspectives. However, the stabilities of the composites were dependent on the 
preparation conditions employed. 
The thermal stability of the polyaniline and pojypyrrole nanocomposite 
materials (HCl treated) in terms of DC electrical conductiv ity retention was studied 
under isothermal conditions (at 50, 70, 90, 110, 130 and 150°C). The temperature of 
the composite materials was maintained at the temperature of study and the 
conductivity was measured at an interval of 25 minutes in an accelerated ageing as 
presented in Fig.4.2. It was observed that the electrical conductivity for the prepared 
nanocomposites (PAN-4, PPy-6 and PAZ-4) are quite stable at 50, 70, 90 and 110°C, 
which supports the fact that the DC electrical conductivity of the composites are 
sufficiently stable under ambient temperature conditions. The electrical conductivity 
started decreasing slowly with time at 130°C in both the composites, which may be 
attributed to the loss of dopant and the chemical reaction of dopant with the material. 
The stability of the nanocomposite materials (PAN-4, PPy-6 and PAZ-4) in terms of 
DC electrical conductivity retention was also monitored for 4 cycles by cyclic 
measurement of the DC electrical conductivity with increasing temperature from 40°C 
to 200°C. The measurements were repeated on the same samples in this temperature 
range for four times at an interval of 25 minutes and the DC conductivity for each 
heating cycle was plotted as log a versus 10^ /T (K) as shown in Fig.4.3. There were 
only minor differences in the electrical conductivities even after repeating the 
experiment four times, which showed the good stability of the materials during 
heating-cooling cycles under severe oxidizing conditions up to 200°C. 
It is evident from Fig. 4.4 that the prepared nanocomposites (PAN-4, PPy-6 
and PAZ-4) conductivities were quite stable and negligibly affected by short- term 
exposure to laboratory air. On exposure to oxygen, there is increase in the 
conductivity of the material by increase in the concentration of charge carriers or may 
be decrease in the conductivity due to an irreversible reaction that is believed to 
generate covalently bonded oxygen species. Axially bound water is also responsible 
for part of the conductivity loss during the ageing of the material. 
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The effects on electrical conductivity of the different metal salts on composite 
cation-exchangers were examined and are presented in Table 4,2. It has been 
observed that the electrical conductivity of the nanocomposites was affected 
negligibly, when treated with alkali and alkaline metal ion sclution. But the sample 
treated with transition metal ions, Mn(N03)2, Co(N03)2, Ni(N03)2 and Cu(N03)2, 
showed electrical conductivity beyond the semi-conducting region. The activation 
energy for each doped sample was also calculated from the slope of the Arrhenius 
plots for the nanocomposites and are given in Table 4,2. The activation energy is 
related to the electronegativity of the treated metal ions. Higher the electronegativity 
of metal ion, the activation energy was found to be higher. This led to the conclusions 
that each dopant gives rise to different levels (similar to impurity levels in 
semiconductors) in the conducting polymer which are specific to that dopant. 
Table 4,2 
DC electrical conductivities of different forms of PANI-ZTP. PPy-ZTP and PANI-
ZWIP composite systems at ambient temperature 
Sample 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
Sample 
treatment 
As prepared 
HCI treated 
LiCI treated 
NaCl treated 
KCl treated 
MgCl2 treated 
CaCl2 treated 
Mn(N03)2 
treated 
C0(N03)2 
treated 
Ni(N03)2 treated 
CU(N03)2 
treated 
Ambient Temperature 
DC electrical conductivity (Scm') 
PPy-ZTP 
6.52^10"^ 
2.83 xlO'^ 
2x10-^ 
3.18x10'^ 
2.4x10-^ 
4.19x10'' 
l.IIxIO'^ 
4.2x10-' 
4.4x10'^ 
2.55x10'* 
1.86x10'* 
PANI-ZTP 
4.66x10'' 
3.5x10-" 
2.1x10'' 
3x10'' 
2.8x10'' 
3.22x10^ 
2.6x10-* 
5x10'* 
5.6x10'* 
6.2x10'* 
3x10* 
PANI-
ZWIP 
7.11x10'^ 
5.36x|0'^ 
4.11x10'^ 
3.32x10'^ 
2.29x10^ 
4.82x10' 
1.06x10' 
1.21x10-* 
1.88>10'* 
2.24>10'* 
6.32x10* 
Activation energy 
PPy-
ZTP 
7.25 
8.74 
9.02 
8.95 
8.86 
9.11 
9.06 
10.31 
10.44 
10.60 
10.67 
(eV) 
PANI-
ZTP 
9.42 
9.50 
9.75 
9.66 
9.52 
9.70 
9.61 
10.72 
10.98 
11.12 
11.27 
PANI-
ZWIP 
5.78 
6.42 
6.88 
7.12 
6.92 
7.68 
7.50 
9.23 
9.36 
9.66 
9.82 
^^kafitop4 //<s 
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5.1 Introduction 
H uman exposure to heavy metals has risen dramatically in the last 50 years, however, as a result of an exponential increase in the use of heavy metals in 
industrial processes and products. These metals are natural components of the Earth's 
crust but dangerous because they tend to bioaccumulate and cannot be degraded or 
destroyed.The most often implicated in human poisoning are mercury, nickel, lead, 
arsenic, cadmium, aluminum, chromium and copper. Toxicity studies confirm that 
these metals can directly influence human behavior bj impairing mental and 
neurological ftinction, influencing neurotransmitter production and utilization and 
altering numerous metabolic body processes. 
Mercury is generated naturally in the environment from the degassing of the 
earth's crust, from volcanic emissions [l,2].In today's industrial society, many 
occupations involve daily exposure to heavy metal, over 50 professions entail 
exposure to mercury alone like physicians, pharmaceutical workers, any dental 
occupation, cosmetic workers etc. Target organs are the brain and kidneys. 
Thorium is a naturally occurring radioactive substance that is surprisingly as 
abundant as lead and three times more abundant than uranium. Working in uranium, 
thorium, tin and phosphate mining areas or gas mantle jiroduction industries and 
living near radioactive waste disposal sites may expose people to higher levels of 
thorium. Breathing high levels of thorium dust results in an increased chance of 
getting lung disease and high exposures may cause lung, pancreas, and blood cancer 
[3-6]. 
Short term exposure to copper causes gastrointestinal distress, long term 
exposure may result to liver or kidney damage. People wiih Wilson's disease should 
consult their personal doctor if the amount of copper in their water exceeds the action 
level.The safe limit or maximum contaminant level (MCL) set by the Environmental 
Protection Agency (U.S.) for Mercury is 0.002 mg/1, for Copper action level is 1.3 
mg/1. 
So every possible care should be taken to prevent them from getting mixed 
into air, water and soil. For this purpose, various competent technologies including 
'^ka^torS /2/ 
membrane process, precipitation, adsorption on to the activated carbon and ion-
exchangers were developed to remove the heavy toxic metal ions from the polluted 
water. Various common methods are used to determine heavy metals such as 
complexometry [7], spectrophotometry, flame and atomic absorption spectrometry 
(AAS), inductively coupled plasma (ICP), fluorimetry. X-ray fluorescence, 
voltammetry and potentiometry but all these process involves expensive 
instrumentation and time consuming.Among several available methods, ion exchange 
appeared to be interesting because it exhibits a high efficiency of sorption from 
gaseous and liquid media [8] and its application is relatively simple as mild operating 
conditions are required. 
The increasing demand for chemical surveillance in environment protection, 
medicine and many industrial processes has created the need for sensors with features 
such high selectivity, sensitivity, reliability and sturdiness. These demands can often 
be satisfied by ion-selective electrodes (ISEs), which are commonly used owing to 
their simplicity, lower cost, fast provision for analytical results and high selectivity for 
heavy toxic metal ions [9,10]. Recent years have witnessed the development of a 
number of interesting ion selective electrodes, referring to the range of membrane 
electrodes which are selectively sensitive to particular ionic species in the presence of 
others. In the year 1961, the field of ion selective electrodes was first introduced in 
the literature by Pungor [11]. He described an anomalous interpretation of the 
working mechanism of the ion selective electrodes as his findings were based on the 
phenomenon observed. Recently, Pungor experimentally amended his previous 
interpretations [12]. Ion sensors employing inorganic ion exchangers have been 
reviewed by Arnold [13] and Buck [14]. 
Recently, 'organic-inorganic' composite materials are used for the fabrication 
of various electrometric sensors for analytical purposes [15,16].Therefore, these 
composite ion-exchangers have well established their position in separation science 
and technology, and have been employed in the selective separation and 
preconcentration of metal ions as well as recovery of heavy toxic metals from various 
waste effluents to decrease the pollution load in the enviromnent [17-24]. 
This chapter summarizes the electroanalytical application of prepared 
nanocomposites PANI-ZTP, PPy-ZTP and PANI-ZWIP, having high selectivity for 
toxic metal ions i.e. mercury, thorium and copper [as already discussed in Chapter-3 
(Section 3.3.3.)]' in the field of separation science. Effort has been done to fabricate 
ion-selective membrane electrode which act as potentiometric sensor having high 
sensitivity and selectivity for toxic metal ions. 
5.2 Experimental 
5.2.1 Reagents and instruments 
The main reagents used for the synthesis of the mat(2rials were obtained from 
CDH, Loba Chemie, E-merck and Qualigens (India Ltd., used as received), PVC 
(Ciba-Geigy, India Ltd.). All other reagents and chemicals were of analytical grade. 
A digital pH - meter (Elico Li-10, India), double beam atomic absorption 
spectrophotometer (GBC 902, Australia), a digital potentiometer (Equiptronics EQ 
609, India; accuracy ±0.1 mV with a saturated calomel electrode as reference 
electrode, an electronic balance (digital) -(Sartorius 21 OS, Japan) and an agate mortar 
pastel were used. 
5.2.2 Preparation of electro-active phase: PANI-ZTP, PPy-ZTP and PANI-ZWIP 
nanocomposite cation-exchanger 
A number of samples of PANI-ZTP, PPy-ZTP and P/vNI-ZWIP nanocomposite 
were prepared following the method as given in Chapter-2 (section- 2.2.3). On the 
basis of Na^ ion-exchange capacity and reproducibility, the sample PA-7, PP-9 and 
PW-6 (Table 2.1, 2.2 and Table 2.3) were chosen as electroactive material for the 
potentiometric studies. 
5.2.3 Preparation and Characterization of nanocomposite membranes 
Coetzee and Benson [25] method was employed for the preparation of PANI-
ZTP, PPy-ZTP and PANI-ZWIP membrane. The electroactive materials were 
grounded to fine powder, and was mixed thoroughly with polyvinyl chloride (PVC), 
dissolved in 10 ml of tetrahydrofuran (THF), and finally mixed with 10 drops of 
dioctylpthalate, used as a plasticizer [26]. The resulting solutions were carefully 
poured into a glass casting ring (diameter 10 mm) resting on a glass plate. These rings 
were left for slow evaporation of THF to obtain thin films. Four sheets (master 
membranes) of different thickness of each cation exchanger ^vere obtained. 
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5.2.4 Electroanalytical application of the nanocomposites 
5.2.4.1 Fabrication of ion -selective membrane electrode 
Membrane of each nanocomposites as obtained by the iibove procedure, were cut 
in the shape of disc and then fixed to one end of a Pyrex glass tube (o.d. 1.6 cm, i.d. 
0.8 cm) using PVC as adhesive. These were then equilibrated with selective metal 
nitrate solution (0.1 M) for 5-7 days. The tube was filled 3/4th with selecfive (0.1 M) 
M(N03)n solution (M is for metal), then saturated calomel electrode was inserted in 
the tube for electrical contact and another calomel electrode was immersed in a beaker 
containing the test solution of varying concentration of selective metal ion, keeping 
the level of inner filling solution higher than the level of the test solution to avoid any 
reverse diffusion of the electrolyte. All the EMF measurements were carried out using 
the following cell assembly: 
Internal reference 
electrode (SCE) 
KCl (satd) 
Internal 
electrolyte 
(O.IMM"^) 
Membrane 
Sample 
solufion 
External reference 
electrode (SCE) 
KCl (satd) 
The lower detection limit, electrode response curve, response time and 
working pH range were evaluated to study the characteristics of the electrode. 
5.2.4.2 Electrode response or membrane potential 
Potentiometric measurements were observed for a series of standard solutions of 
M(N03)n (10'"^-10~' M), prepared by gradual dilution of the stock solution, as 
described by lUPAC Commission for Analytical Nomenclature [30]. Potential 
measurements were made in unbuffered solutions to avoid interference from any 
foreign ion. Potential measurements of each composite membrane electrode were 
plotted against the selected concentrations of the respective ions in an aqueous 
medium using the electrode assembly. The calibration graphs were plotted three times 
to check the reproducibility of the system. 
The experiments were conducted in air thermostat maintained at 25 ± 1 ''C, after 
performing the experiments, membrane electrode were removed from the test solution 
and kept in 0.1 M selective metal ion solution. 
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5.2.4.3 Effect of pH 
A series of pH solution ranging from 1-13 were prepared at constant ion 
concentration i.e. 1x10'^  M for PANI-ZTP, IxJO"^ M for PPy-ZTP and 1x10"* M for 
PANI-ZWIP. The pH variations were brought about by the addition of dilute acid 
(HCl) and alkali (NaOH) solution. The value of electrode potential at each pH was 
recorded and was plotted against the pH. 
5.2.4.4 Response time 
The response time was measured by recording the e.m.f of the electrode as a 
function of time when it was immersed in the solution to be studied. The initial 
potential of the solution was read at zero second when the electrode was dipped into 
1 xlO~^M test solution of M(N03)n and subsequently recorded at the intervals of 5 s. 
5.2.4.5 Selectivity coefficients 
One of the m.ost important characteristics of a membrane sensor is its response 
for the primary ion in the presence of other foreign ions, which is measured in terms 
of the potentiometric selectivity coefficient (K^/°'). In the present work we used the 
fixed interference method, which is one of the mixed solution methods. The 
selectivity coefficient was calculated using the equafion given below: 
K,r=aA/(aB)V'B 5.3 
Where aA and z% acfivities of primary and interfering ion and ZA and ZB are charges on 
the ions. 
5.2.4.6 Potentiometric titration 
The analytical utility of this membrane electrode has been established by 
employing it as an indicator electrode in the potentiometric titration of selective 
0.0IM MNO3 (M stands for metal ion) solution against 0.005M EDTA as a fitrant. 
Potential values are plotted against the volume of EDTA. The necessary adjustment of 
pH (~4) was made before adding the titrant. Potential values are plotted against the 
volume of EDTA. 
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5.2.5 Analytical application of the nanocomposites 
5.2.5.1 Quantitative separations of metal ions using composite cation- exchangers 
On the basis of Kd values (distribution studies) of composite materials PANI-
ZTP (PA-7), PPy-ZTP (PP-6) and PANI-ZWIP (PW-6) [as described in Chapter 
3(Section 3.3.3)], these samples were selected to achieve binary and ternary 
separations of metal ions on exchangers column (height 35 cm, i.d 0.6 cm) containing 
2.0 g of exchanger in the protonated form. The columns w(:;re washed thoroughly with 
demineralized water (DMW), then loaded with metal ians mixture having initial 
concentration 0.0IM of each and was allowed to pass gently ( 2-3 drops/min). After 
recycling two to three times, to ensure complete adsorption of the mixture on 
exchanger beads, the separation was achieved by passing a suitable solvent. The 
effluent was collected in 10ml fractions at a flow rate of 7-8 ml/min. The metal ions 
in the effluent were determined titrimetrically using a 0.0 IM solution of disodium salt 
ofEDTA. 
5.2.5.2 Selective Separation 
Selective separation of Hg(II), Th(IV) and Cu(II) from the synthetic mixture 
containing Cu(II), Cd(II), Sr(II), Mn(II)) and other metal ions was achieved on 
respective cation exchanger PANI-ZTP, PPy-ZTP and PANI-ZWIP column. The 
amount of the selective metal ions in the mixture varied wliile keeping the amount of 
other metal ions constant in the synthetic mixture. The rest of the procedure remains 
same as discussed above. 
5.3 Results and Discussion 
In order to explore the selectivity potential of the composite materials, 
distribution studies (kd) for different metal ions were performed in various solvent 
system as already discussed in Chapter-3 (section-3.3.3). The results of sorption 
7-4-
studies as given in Table 3.3 indicated that the Hg was highly adsorbed in all 
solvents in case of PANI-ZTP, Th"*^  was strongly adsorbed on the surface of PPy-ZTP 
and Cu '^^ ions on PANI-ZWIP surface while remaining metal ions were poorly 
adsorbed. The high uptake of respective selected metal ions in all solvents 
demonstrates not only the ion-exchange properties but alstj the adsorption and ion-
selective characteristics of the synthesized composite cation-exchangers. 
On this basis, the prepared nanocomposites have been used as an electro-active 
component in the preparation of the heterogeneous solici-state electrode sensitive to 
respective metal ions. Ion-selective electrodes work on the principle of measurements 
at zero current. The membranes were fixed in the electrode assembly and all 
measurements are made in a concentration cell. The concentration of the electrolyte 
on the irmer side of the membrane was fixed at 0.1 M of M"^ions while outer solution 
varied from 10"'^ M to 10"'M. When ions penetrated the boundary between the two 
phases leading to the attairmient of electrochemical equilibrium, the potentials 
developed. 
5.3.1 Optimization of membrane ingredients 
Sensitivity and selectivity of the ion-selective membrane electrode depends not 
only on the nature of the carrier used, but also significantly on the membrane 
composition, properties of the additives employed as well as the adhesive/plasticizer 
ratio used [31]. It should be noted that plasticizer acts as membrane solvent affecting 
membrane selectivity and also provide mobility of the membrane constituents within 
the membrane phase. In the present study, dioctylpthalate v^ a^s used as plasticizer. 
Influence of the membrane composifion and possible interfering ions was 
investigated on the response properties of the electrode. 7 he slope of the calibration 
curve, the measurement range and response time were noted for a number of 
electrodes having different compositions of binders and the exchanger. The results are 
shown in Table 5.1.Among the various membranes prepared using the ion-active 
phase, the plasticized PVC-based membrane electrode was found to give the best 
sensitivity and widest linear range. Low order of water content, swelling and porosity 
with less thickness of these membranes suggests that interstices are negligible and 
diffusion across the membrane would occur mainly through the exchanger sites. 
Hence, the membrane electrode M-3 was chosen for PANI-ZTP, M-2 for PPy-ZTP 
and M-1 for PANI-ZWIP for carrying out further potentiometric studies. 
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Table 5.1 
Characterization of ion- exchange membranes of PANI-ZTP, PPy-ZTP and PANI-
ZWIP nanocomposites 
S.No. 
M-l 
lVl-2 
M-J 
M-4 
Membrane composition 
Composite 
material (%) 
PANI-ZTP 
(10%) 
PPy-ZTP (10%) 
PANI-ZWIP 
(10%) 
PANI-ZTP 
(10%) 
PPy-ZTP (10 %) 
PANI-ZWIP 
1 (10%) 
T»ANI-ZTP 
(15%) 
PPy-ZTP (15%) 
PANI-ZWIP 
(15%) 
PANI-ZTP 
(20%) 
PPy-ZTP (20 %) 
PANI-ZWIP 
(20%) 
Binder 
(%) 
PVC(IO) 
PVC(15) 
PVC (25) 
PVC (10) 
1' 
; 
i 
\ 
i 
i 
i 
, 
L 
Plastlcizer 
(drops) 
10 * 
10 
10 
10 
i 
Characterization of membrane 
Thickness 
(mm) 
0.30 
0.30 
0.18 
0.35 
0.25 
0.39 
0.28 
0.42 
0.48 
0.50 
0.40 
0.78 
% total 
wet 
weight 
1.5385 
2.1647 
0.7889 
1.0128 
1.0121 
1.1037 
0.6529 
5.1241 
).I221 
1.8915 
3.3113 
1.4367 
Porosity 
0.00259 
9.5x10-^ 
0.00154 
0.0045 
2.19x10^ 
0.00176 
0.00173 
4.37x10"* 
0.00321 
0.0029 
1.8x10"^ 
0.00232 
% 
Swelling 
No 
swelling 
0.6625 
No 
swelling 
1.0038 
0.3984 
0.8477 
0.0547 
1.1060 
1.1265 
1.6412 
1.1394 
2.0122 
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5.3.2 Electroanalytical application of PANI-ZTP, PPy-ZTP and PANI-ZWIP as 
potentiometric sensors 
5.3.2.1 Calibration Range 
Using the optimized membrane composition described above, the potentiometric 
response of the sensors was studied for selective M""^  ions in the concentration range 
of IQ-'^ M to 10"'M at 25°C as shown in Fig. 5.1(a)for PANI-ZTP, Fig.5.1(b) for PPy-
ZTP and Fig.5.1(c) for PANI-ZWIP. All the three electrodes showed a linear 
Nemstian response having wide linear range which gives working concentration range 
of respective electrode. The detection limit of sensor was determined according to 
lUPAC recommendations from the intersection of two extrapolated linear portions of 
the calibration graph [32]. 
From the calibration graph of PANI-ZTP [Fig.5.1(a)], the working concentration 
range for the selective membrane electrode was found to be 10'"^M to 10 ' 'M having 
detection limit SxlO'^ ^M for Hg '^^ ions with a Nemstian slope of 29.8 mV/decade of 
Hg^^  concentration. 
The PPy-ZTP calibration graph [Fig.5.1(b)] showed a linear Nemstian response 
in the range of 1 x 10"' M to 1 x 10"^  M with an average slope of 16.65mV per decade 
change of activity of Th'*"^  ions having detection limit of 1 x ] O'^ M for the electrode. 
Similarly, the calibration graph of PANI-ZWIP [Fig.5.1(c)] gives a Nemstian 
response of 26.97 mV per decade change in activity having wide linear range within 
the concentration range from lO'^ M to lO'^ ^M of Cu '^^ ions .The detection limit was 
found to be 8x10"V 
The slope value obtained for all the prepared ion selective electrodes are very 
close to Nerstian value i.e. 29.6±3 mV per concentration decade for divalent cation 
and 14.8±3mV for tetravalent cation. Experiments were conducted a number of times 
to check the reproducibility of the results. To evaluate the reversibility of the 
electrode, a similar procedure at the opposite direction ^vas adopted. This time, 
measurements were performed in the sequence of high-to-low sample concentrations 
and very similar results were obtained. 
%u^ S /30 
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Fig.5.1 Calibration curve for (a) PANI-ZTP (b)PPy-ZTP and (c) PANI-ZWIP 
membrane electrode in solution of selective M(N03)n. 
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5.3.2.2 Response, Reproducibility and Lifetime 
The influence of pH of the test solution on the potential response of the 
membrane sensor was investigated over a pH range of 1-12. The pH was adjusted 
with dilute hydrochloric acid and sodium hydroxide solutions as required. Influence 
of pH on the response of the membrane sensors are shown in Fig.5.2. The results 
showed that the potential is independent of pH in the range of 2.5 to 6.0 for PANI-
ZTP [Fig.5.2 (a)], 4.0-9.0 for PPy-ZTP [Fig.5.2 (b)] and 4.0-8.0 for PANI-ZWIP 
[Fig.5.2 (c)]. The dependency of the potential to the pH values out of this range can 
be attributed to the formation of some hydroxyl complexes of metal ions [33] at 
higher pH values and a stronger response to the hydrogen ion at lower pH values. 
For analytical applications, the promptness in response of a sensor is an 
important factor. The response time for the ion-selective elfictrode to attain a response 
that is within ± 1 mV steady state potential after successive immersion of the 
electrodes in a series of metal nitrate solutions, each having a 10-fold difference 
in concentration from 10" M to 10"'M was investigated. The electrode showed 
reasonably fast and stable potential within 10 s by PANI-ZTP electrode [Fig.5.3 (a)]. 
Similarly, 15 s was required by PPy-ZTP and 25s by PANI-ZWIP electrode as shown 
in Fig.5.3(b) and (c). No change was normally observed in response time for the 
electrodes up to 5 min after which it started deviating. 
The long-term stability was worked out by performing calibrations periodically 
with standard solutions and calculating the slopes over the concentration ranges 
of 10"'°M to lO'M of Hg(N03)2 solutions over a period of 180 days. During this 
period, the electrodes were in daily use over an extended period of time (1 h per 
day), and the results are provided in Table 5.2. The experimental results showed 
that there was no significant change observed in the slope of the Nernst plot and 
the electrode response was quite reproducible over the lifetime of 120 days for 
PANI-ZTP, 42 days for PPy-ZTP and 90 days for PANI-ZWIP, after that a very 
slight gradual decrease in the slopes and working range was observed as given in 
Table 5.2. Subsequently, the electrochemical behavior of the sensor gradually 
deteriorated which may be due to ageing of the adhesive (PVC), the plasticizers, 
and the electroactive material [34]. A decrease in slope was a symptom of loss of 
the normal characteristics of the electrodes. 
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Fig.5.2 The influence of pH on the potential response of the (a) PANl-ZTP (for 
two concentration),(b) PPy-ZTP and (c) PANl-ZWIP membrane 
electrode at selected metal ion concentration. 
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Fig. 5.3 Dynamic response time at varied concentration of selective metal 
ion for (a) PANI-ZTP, (b) PPy-ZTP and (c) PANI-ZWIP (for one 
concentration) electrodes 
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Table 5.2 
The stability of PANI-ZTP, PPy-ZTP and PANI-ZWIP membrane electrode. 
Time Slope (mV decade') Working range (M) 
(Day) 
PANI-ZTP PPy-ZTP PANI-ZWIP PANI-ZTP PPy-ZTP PANI-ZWIP 
\ 28.58±0.3 16.65±0.3 26.97±0.2 Ixl0"'°-lxl0"' Ixlo'-lxlO"' IxlQ-'-lxlO'^ 
5 28.58±0.3 16.65±0.3 26.97±0.2 Ixl0"'"-lxl0"' Ixlo'-lxlO"' IxlO'-lxlO'^ 
10 28.58±0.2 I6.63±0.5 26.97±0.2 IxlO-'^ -lxlO"' IxlQ-'-lxlo' Ixio ' - lxio ' 
15 28.58 ±0.2 16.4 ±0.5 26.97 ±0.2 IxlO-'^-lxlO"' IxlO'^-lxlO"' IxlO'-lxlO"^ 
30 28.55±0.2 I5.7±0.4 26.9±0.3 IxIO-'^ -lxlO"' Ixlo'-IxlO' IxIO'-lxlO'^ 
42 28.38±0.05 15.1 ±0.3 26.72±0.4 IxlO'^-lxlO'' Ixlo'-lxlO' Ixlo'-JxlO-^ 
70 28.22±0.04 14.84±0.2 26.38±0.2 ]xIO"'°-lxlO"' 7x]0"*-lxl0"' 6xl0"*-lxl0"^ 
80 28.18±0.02 14.72±0.4 26.22±0.4 Ixlo'^-lxlO'' 7xl0"*-lxl0"' exlO'^-lxlO'^ 
90 28.14±0.03 14.44±0.2 26.1 ±0.02 IxlO-'^-lxlO"' 1x10^-1x10"' Ixl0"*-lxl0"^ 
120 28±0.03 14.11 ±0.2 25.87±0.05 Ixl0'"-lxl0'' 1x10^-1x10"' Ixl0"'-lxl0"^ 
150 27.91±0.2 13.97±0.2 25.55±0.3 5xlO"'-lxlO'' 8xl0''-lxl0'' 8xl0'^-lxl0'^ 
^^^ft5»6 5 ' /3o 
5.3.2.3 Potentiometric Selectivity 
The selectivity behavior is obviously one of the important characteristics of the 
ion-selective electrodes, determining whether reliable measurement in the target 
sample is possible or not. In order to assess the selectivity preference of the 
membrane for an interfering ion relative to selective metal ion was determined by the 
mixed solution method (MSM) [35]. It is evident from Table 5.3 that most of the 
interfering ions showed low values of selectivity coefficient, indicating no 
interference in the performance of the membrane electrode assemblies. Such 
remarkable selectivity of the proposed ion-selective electrode over other ions reflects 
the high affinity of the membrane towards their respective selected metal ions. 
Table 5.3 
The selectivity coefficient of various interfering cations for PANI-ZTP, 
PPy-ZTP and PANI-ZWIP membrane electrodes 
Interfering ion 
(M"^) 
\'- K^  
Na^ 
: Mg^ ^ 
Cu^^ 
Co^' 
C^ 
kr 
ST'* 
n Mn^ ^ 
1; Fe^" 
j • Ni^ ^ 
1 ; Zn^ ^ 
" Cd^ " 
Selectivity coefficients (K^ s^M) 
PANI-ZTP 
5x10-* 
5x10-* 
5x!0-* 
3.8 X 10"^  
3.8 X 10"^  
5.5 xlO-'' 
IxIO' 
2.7x10-' 
2.7x10-' 
1 xlO"' 
8 X 10-' 
gx 10-' 
7x10"^ 
PPy-ZTP PANI-ZWIP 
4.5 X lO'-
4.5 xlQ-' 
2.5x10"^ 
8x 10-2 
8 X 10-2 
2.5x10"^ 
IxIO-' 
4.7x10'^ 
4.7x10'^ 
I xIO'^  
8 X 10-2 
8 X 10-2 
4.7x10-^ 
 2.2X JO"' 
2.8 X IC' 
6.2 X 10-^  
2.2 X 10-^  
2.2 X 10-^  
6.4X lO"* 
3.8x 10'' 
1.19X 10-^  
5x 10-^  
3.2x 10'^  
l.gx 10-' 
I.IOx 10-^  
l.gx 10-* 
^^/uifitei^S /<^^ 
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5.3.2.4 Potentiometric titration of membrane electrodes 
The proposed membrane sensors were successfully applied as indicator 
electrodes. The potentiometric titration of a 0.0 IM HgfNOa)? solution against 0.005M 
EDTA and 0.005M Hg(N03)2 solution was titrated with 0.01 M oxalic acid using 
PANI-ZTP electrode as shown in Fig.5.4. The results obtained indicate that the 
addition of titrants causes a decrease in potential as a result of the decrease in free Hg 
(II) ion concentration due to the formation of a complex with EDTA/oxalic acid. 
Fig.5.5 shows the potentiometric titration of PPy-ZTP [Fig.5.5 (a)] and PANI-
ZWIP [Fig.5.5 (b)] against EDTA. The graph shows that the addition of EDTA 
causes a decrease in potential due to the complexation of metal ion with EDTA. The 
amount of selective metal ions in solution can be accurately determined from the 
resulting titration curves providing a sharp rise in the titration curve at the equivalence 
point, showing perfect stoichiometry. 
sso 
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Fig.5.4 Application of PANI-ZTP membrane sensor as an indicator electrode 
for potentiometric titration of (A) 0.0 IM Hg(N03)2 with 0.005M EDTA 
and (B) 0.005M Hg(N03)2with 0.01 M oxalic acid. 
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Fig.5.5 Application of PPy-ZTP and PANI-ZWIP membrane sensor as an 
indicator electrode for potentiometric titration of (a) Th(I V) and 
(b) Cu(ll) against EDTA solution. 
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5.3.3 Analytical applications of the nanocomposites 
5.3.3.1 Quantitative separation of metal ions using nanocomposite cation· 
exchangers 
The separation capacity of the material has been demonstrated by achieving 
some important binary and ternary separations of different synthetic metal mixtures 
involving selective metal ions. Table 5.4, 5.5 and 5.6 summarizes the salient features 
of binary separations on PANI-ZTP, PPY -ZTP and PANI-ZWIP column. The 
sequential elution of ions through column depends upon the metal-eluting ligand 
(eluent) stability. The weakly retained metal ions eluted first. The order of elution and 
eluants used for binary separation of Hg(II)on PANI-ZTP column Fig.15.6(A)] , 
Th(IV) on PPy-ZTP Fig.[5.6(B)] and Cu(II) on PANI-ZWIP column are shown in 
Fig.5.6(C).Ternary separations were also achieved successfully on these columns as 
shown in Fig 5.7, 5.8 and 5.9. The separations are quite sharp and recovery was 
quantitative and reproducible. 
5.3.3.2 Determination of Hg(lI), Th(IV) and Cu(II) in synthetic sample 
Selective separation of Hg(H), Th(IV) and Cu(ll) from the synthetic mixture 
containing [Mg(II),Ca(II),Zn(II),Cd(Il), Sr(Il) and Mn(H) etc.] was achieved on 
respective nanocomposite columns. The result obtained are summarized in Table 5.7, 
5.8 and 5.9 which shows that selective Hg(II), Th(IV) and Cu(II) ions can be 
separated out in real samples in the presence of other metal ions by the respective 
nanocomposites Such separations can also be utilized for the removal of specific 
metal ions, which may interfere in the determination of certain other metal ions. For 
example copper should be removed before the calorimetric determination of mercury 
by dithizone and interference of manganese is encountered in micro determination of 
lead by electrolanalytical method. 
189 
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Table 5.4 
Binary separation of metal ions achieved on PANI-ZTP column 
Separation 
Achieved 
Pb(II) 
Hg(II) 
Ni(Il) 
Hg(II) 
Cu(Il) 
Hg(n) 
Co(ll) 
Hg(II) 
AI(III) 
Hg(M) 
Fe(Ill) 
Hg(n) 
Cd([I) 
Hg(II) 
Ba(II) 
Hg(ll) 
Amount 
Loaded (fig) 
6216 
4011.8 
1760.7 
3009 
2560 
4011 
1767.9 
4011.8 
809.4 
4011.8 
1117 
4011.8 
3372 
4011 
2764.4 
3008.8 
Amount 
Found(fig) 
6112.4 
3911.5 
1760.7 
3050 
2592 
3961.6 
1769 
4011.8 
802.65 
3961.65 
1115.5 
4011.8 
3366 
3961.6 
2746.4 
3014.25 
% Error 
-1.6 
-2.4 
0.0 
+1.3 
+1.25 
-1.2 
-0.06 
0.0 
-0.8 
-1.2 
-0.49 
0.0 
-0.17 
-1.2 
-0.65 
-0.18 
Eluant 
used 
0.01 HNO3 
O.OIHCI 
Buffer 10 
O.OIHCI 
O.OIHCIO4 
O.OIHCI 
0.01 HNO3 
O.OIHCI 
0.01 hlNOj 
O.OIHCI 
O.OIHCIO4 
O.OIHCI 
0.00 IHCl 
O.OIHCI 
0.01 HNO3 
O.OIHCI 
Volume of 
Eluant 
(ml) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
%i(^S AW 
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Table 5.5 
Binary separation of metal ions achieved on PPy-ZTP column 
Separation 
Achieved 
Pb(II) 
Th(IV) 
Ni(II) 
Th(lV) 
Cu(II) 
Th(lV) 
Co(n) 
Th(IV) 
AI(III) 
Th(IV) 
Fe(lll) 
Th(IV) 
Cd(ll) 
Th(IV) 
Ba(II) 
Th(IV) 
Amount 
Loaded(ng) 
6216 
3480.5 
1760.7 
4640.6 
2560 
4640.6 
1767.9 
4640.6 
809.4 
4872.6 
1117 
3480.5 
3372 
4640.6 
2764.4 
4640.6 
Amount 
Found(ng) 
6216 
3422.4 
1746.03 
4640.6 
2560 
4736 
1740 
4582.5 
823 
4786.62 
1116 
3422.44 
3428.12 
4640.6 
2815.06 
4640 
% Error 
0.00 
-1.6 
-0.8 
0.0 
0.0 
+2 
-1.5 
-1.25 
+ 1.6 
-0.62 
-0.52 
-1.6 
+1.6 
0.0 
+ 1.8 
-0.02 
Eluant 
used 
O.OlHNOj 
0.001 HNO3 
0.1 HNO3 
0 001 HNO3 
O.OIHCIO4 
0 001 HNO3 
0.1 HNO3 
0.001 HNO3 
O.OIHCIO4 
0.001 HNO3 
O.OIHCIO4 
0.001 HNO3 
0.1 HNO3 
0.001 HNO3 
0.1 HCl 
0.001 HNO3 
Volume of 
Eluant(ml) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
Table 5.6 
Binary separation of metal ions achieved on PANI-ZWIP column 
Separation 
achieved 
Mg(Il) 
Cu(II) 
Ba(II) 
Cu(ll) 
Zn(ll) 
Cu(n) 
Ni(II) 
Cu(II) 
Cd(II) 
Cu(ll) 
Pb(ll) 
Cu(II) 
Cr(II) 
Cu(II) 
Amount 
Loaded(^g) 
1902.20 
4496.00 
5866.00 
8430.00 
2820.00 
8590.00 
2350.00 
4100.00 
3180.00 
2500.00 
1243.00 
8990.00 
2600.00 
3770.00 
Amount 
Found(^g) 
1902.20 
4392.00 
5800.00 
8350.00 
2715.00 
8500.00 
2100.00 
4000.00 
3500.00 
2500.00 
1200.00 
9500.00 
2550.00 
3700.00 
Error (%) 
0.00 
-2.31 
-0.87 
-1.20 
+2.65 
-0.98 
+6.38 
-2.26 
+0.22 
+0.22 
+3.45 
-5.67 
-1.92 
+1.85 
Eluant used 
0.02 HNO3 
0.01 HCl 
Buffer 10 
0.01 HCl 
O.OIHCIO4 
O.OIHCI 
0.02 HNO3 
O.OIHCI 
0.02 HNO3 
O.OIHCI 
O.OIHCIO4 
O.OIHCI 
0.001 HCl 
O.OIHCI 
Volume of 
eluant (ml) 
60 
50 
60 
50 
60 
50 
50 
50 
50 
50 
60 
60 
60 
50 
wfu^iterS /•4/ 
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Fig. 5.6 Binary separations of (A) Hg(II),(B) Th(IV) and (C) Cu(II) from Mn(II), 
Ni(II), Co(II), Cu(n), Zn(n), Ca(II). Cd(II), Ba(II) on (A)PANI-ZTP (B) 
PPy-ZTP and (C) PANI-ZWIP column. 
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Fig.5.8 Elution curves of ternary separation of metal ions on PPy-ZTP 
column. 
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Fig.5.9 Elution curves of ternary separation of metal ions on PANI-ZWIP 
column. 
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Table 5.7 
Selective separation of Hg ^ from a synthetic mixture containing Hg ^^ Mg ,^ Ca ,^ 
Zn^^ and Cd^^  on PANI-ZTP column. 
Amount of Hg^ * 
loaded (^g) 
1380 
1776 
2072 
8280 
Amount of Hg^ * 
found" (^g) 
1335 
1665 
1923 
8080 
% Recovery 
96.73 
93.75 
92.80 
97.7 
Eluant used 
O.OIMHCI 
0.01 M HCI 
0.01 M HCi 
0.01 MHCI 
Volume of 
eluant (ml) 
60 
40 
50 
50 
Table 5.8 
Selective separation of Th'*'^  from a synthetic mixture containing Pb^^, Mn *, Ba^ ,^ 
Zn^^ and Cd^^  on PPy-ZTP column. 
Amount of Th'** 
loaded (^g) 
1241 
1758 
2069 
2134 
Amount of Th** 
found' (^g) 
1199 
1680 
1820 
2121 
0 / 
/o 
Recovery 
96.60 
95..50 
91.39 
99.39 
Eluant used 
O.OIMHNO3 
0.01 M HNO3 
0.01 M HNO3 
0.01 MHNO3 
Volume of 
eluant (ml) 
60 
40 
50 
30 
,2+ 
Table 5.9 
Selective separation of Cu"^ ^ from a synthetic mixture containing Pb"^ ,^ Mn"^ ,^ Ba 
Zn^^ and Cd^ "^  ,Hg2^ on PANI-ZWIP column. 
-2+ 2+ r>„2+ 
Amount of Cu^ * 
loaded (^g) 
1369 
1192 
2055 
2327 
Amount of Cu^ ^ 
found' (^g) 
1333 
1180 
1941 
2216 
0 / 
/o 
Recovery 
97.37 
98.99 
94.45 
95.29 
Eluant used 
O.OOIMHNO3 
0.001 MHNO3 
0.001 MHNO3 
0.001 M HNO3 
Volume of 
eluant (ml) 
60 
40 
50 
30 
a= average of three determination 
6 /^6 
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6.1 Introduction 
P olymers are of profound interest to society and are replacing metals in diverse fields of life, they seem to provide a solution to almost every deed in life, from 
preparing daily commodities to the highly sophisticated artificial heart valve. Since 
desirable properties can be conveniently attained by tailoring the polymer structure 
and also by incorporating additives. Scientists have been enthusiastic to explore the 
possibility of transforming insulating polymers into materials envisaging such special 
characteristics like low density, low cost, ease of fabrication, flexibility of design, low 
energy and labour requirements for fabrication and processing, which make them a 
class of versatile materials capable of meeting even the most stringent specifications 
of modem technology. 
Due to the excellent properties synergistically derived fi-om polymer and 
inorganic materials, polymeric-inorganic composite materials are used in many fields 
[1]. In the recent years, these composite materials replaced the pristine polymers due 
to their higher strength and stiffness and possess evolutionary means of achieving 
properties that cannot be realized with single materials [2-4]. However, in order to 
distinguish them from the conventionally known composites that are mere mixtures, it 
is necessary to call the materials "hybrid materials". In particular, they may also be 
called polymer hybrids to emphasize that polymer constituents are involved. Different 
types of organic constituents or monomers can be used and various methods can be 
adopted according to requirements. 
Acrylates are a family of polymers, which are a type of vinyl polymer. Some 
acrylates have an extra methyl group attached to the alpha carbon, and these are called 
methacrylates. One of the most common methacrylate polymers is poly(methyl 
methacrylate). Poly(methyl methacrylate) or PMMA is the most commonly used 
polymer among the methacrylate family and has found tremendous application in 
automotive and home appliances [5J. It is one of the earliest glassy polymers and is 
well known around the world by a variety of trade names Lucite, Oroglas, Perspex 
and Plexiglas. The material is one of the hardest polymers it is rigid and has glass-
clear with glossy finish and good weather resistance. It is an excellent material 
because of its potential application in optical fibers and high environmental stability 
compared to other plastics such as polycarbonate. Health effects are minimal for 
PMMA. The thermal stability of standard PMMA is only 65°C and has good 
insulating properties. 
/CH3 CH3 
r 
? CH3 
xnethaciylate 
Polymerization of methyl methacrylate 
to get poly(methyl methacrylate) 
There are three common approaches for the synthesis of nanocomposite 
polymers, which have been adopted so far [6]. The first approach is the in situ 
polymerization technique, the second approach is dissolving the polymer in a solvent 
and then mixing with the dispersing media, while the third approach is of melt 
intercalation and involves heating the polymer above its glass transition temperature 
and then mixing it with the dispersing medium. The first approach is rather simple 
and largely favoured,as it neither requires the costly solvent nor does it consume 
energy and is very economical too. 
Molecular level combination between organic polymers as supporting materials 
and inorganic precipitates of polyvalent metal acid salts as ion-exchanger prepared by 
'sol-gel' method has been of great interest and has been reported in our previous work 
[7-12]. The sol-gel route provides a useful method to prepare inorganic and organic-
inorganic hybrid materials for use in chemical analysis. The inherent usefiilness of 
this approach is largely due to the ease at which sol-gel-derived materials can be 
prepared, modified, and processed. Applications of these materials have been 
explored in the fields of catalyst [13] coatings [14], gas permselectivity [15], fuel cell 
[16-18], chemical sensors and ion exchange [19,20]. 
In this chapter, we propose a new method to prepare poly(methyl methacrylate) 
(PMMA) nanocomposite by free radical suspension polymerization using water as a 
^^A5S!J«= 6 /so 
medium, with in situ 'sol-gel' transformation. The morphology, structural properties 
and thermal behaviour of poly(methyl methacrylate) cerium molybdate (PMMA-
CeMo04) nanocomposite polymer is discussed here. When PMMA is combined with 
inorganic materials, the resulting hybrid materials have high thermal stability [21,22] 
and the composite has been successfully employed for fabrication of ion selective 
electrode for sensing heavy metal ions. 
6.2 Experimental 
6.2.1 Reagents and Instruments 
Methyl methacrylate (MMA) monomer supplied b)' Merck, was purified by 
distillation under a vacuum. Benzoyl peroxide (BPO) (Loba chemicals, India) was 
used as an initiator while polyvinyl alcohol (PVA) and anhydrous di-sodium 
hydrogen phosphate (Na2HP04) used were respectively from Aldrich and CDH, India. 
Ceric ammonium nitrate [(NH4)2 Ce(N03)6] (BDH, India) and ammonium molybdate, 
[(NH4)6Mo7024.4H20] (BDH, India) were used for synthesis of inorganic material. 
Morphology was studied using scanning electron microscope (LEO 435 VP) and 
transmission electron microscope (Philips EM-400). XRD measurements were carried 
out on Philips PW 1148/89 diffractometer. UVA^IS spectrophotometer — Elico 
(India), model EI 301E;a double beam atomic absorption spectrophotometer (GBC 
902, Australia); a thermal analyzer — V2.2A DuPont 9900; Carlo-Erba, model 1108; 
a digital potentiometer (Equiptronics EQ 609, India; accuracy ±0.1 mV with a 
saturated calomel electrode as reference electrode; an electronic balance (digital, 
Sartorius-210S, Japan) and an automatic temperature controlled water bath incubator 
shaker — Eicon (India). 
6.2.2 Synthesis of polymer 
A typical procedure to prepare poly (methyl methacrylate), PMMA, was 
followed which involved placing 20 ml of MMA, 0.15 g (0.75%) of BPO in 100 ml of 
water, 0.5 g of polyvinyl alcohol (PVA) and 5 g of di-sodium hydrogen phosphate 
(Na2HP04) in a 250 ml three-necked round bottom flask and the solution was stirred 
for Ih at 80°C to complete the polymerization of monomer. Nitrogen was bubbled 
into the flask throughout the reaction. The solution was then filtered, washed and 
finally dried at 100°C for 24 h under vacuum to yield PMMA spherical solid material. 
6.2.3 Synthesis of poly(methyl methacrylate) cerium molybdate (PMMA-
CeMo04) composite 
The same procedure mentioned above was followed except after half an hour 
of reaction the inorganic sol was added. Inorganic precipitate of Ce(IV) molybdate 
(CeMo04) was prepared by mixing aqueous solutions of O.IM eerie ammonium 
nitrate and O.IM ammonium molybdate in different volume ratios at room 
temperature (25±2°C). The white precipitates were obtained when the pH of the 
mixtures was adjusted to 1.0 by adding aqueous ammonia or hydrochloric acid with 
constant stirring. Furthermore, this homogeneous mixture was added dropwise over 
30 min into the reaction media of monomers with rigorous stirring to avoid local 
inhomogeneities. The supernatant liquid was decanted and gels were filtered under 
suction. The excess acid was removed by washing with DMW and the material was 
dried under vacuum at 50°C. the composite material was converted to H''-form by 
treating with IM HNO3 for 24 h with occasional shaking, intermittently replacing the 
supernatant liquid with fresh acid. The excess acid was removed after several 
washings with DMW and the material was dried at 50°C. 
6.2.4. Ion-Exchange Behavior 
6.2.4.1 Ion-exchange capacity 
IM alkali and alkaline earth metal nitrates were used as eluants to elute the H"*" 
ions completely from one gram (Ig) of the dry cation-exchanger by column method, 
maintaining a very slow flow rate (~ 0.5 ml min"'). The effluent was titrated against a 
standard (O.IM) NaOH solution for the total ions liberated in the solution using 
phenolphthalein as indicator and I.E.C. (meq g'') values were noted. 
6.2.4.2 Thermal effect on ion-exchange capacity 
To study the effect of drying temperature on the ion-exchange capacity, Ig 
samples of the composite cation-exchange material in the H'^ -^form were heated at 
various temperatures in a muffle fiimace for Ih and the Na^ ion-exchange capacity 
was determined by column process after cooling them at room temperature. 
6.2.4.3 Selectivity (sorption) studies 
The distribution behavior of metal ions plays an important role in the 
determination of the material's selectivity. In certain practical applications, 
equilibrium is most conveniently expressed in terms of the distribution coefficients of 
the counter ions. 
The determination of metal ions before and after equilibrium was carried out 
volumetrically using EDTA as titrant [23]. 200 mg of the dry exchanger in H"^  form 
was equilibrated with 20 ml of different metal ion solutions in the required medium 
and kept for 24h with intermittent shaking. The initial metal ion concentration 
(O.OIM) was so adjusted that it did not exceed 3% of total ion exchange capacity of 
the material. The distribution coefficient (Kd) values were calculated by using the 
formula given below: 
Kd =-[(I-F)/F] xV/M (mlg') 6.1 
where 7 ' is the initial amount of metal ion in the aqueous phase, F is the final amount 
of metal ion in the aqueous phase, V is the volume of the solution (ml) and M is the 
amount of cation-exchanger (g). 
6.2.4.4 Regeneration of ion exchanger 
Exhausted exchanger was regenerated by keeping it overnight in hydrochloric 
acid (O.IM). It was then washed with DMW, till it became neutral. The exchange 
capacity was determined and this procedure was repeated five times. It was seen that 
after five regenerations, ion exchanger loses 40% of its original capacity. 
6.2.5 Characterization of PMMA-CeMo04 composite material 
The nature, particle size, morphology, thermal stability and the functional 
groups present in the prepared composite material has been characterized by using 
TEM, SEM, XRD, FTIR and TGA-DTA techniques. 
6.2.6 Preparation and Characterization of PMMA-CeMo04Composite membrane 
The method used by Coetzee et.al. [24] was employed in the preparation of 
ion exchange membranes of PMMA-CeMo04. A number of membranes were 
prepared using varying amounts of different binding materials such as araldite. Those 
membranes which exhibited good surface qualities, like porositj^ thickness, swelling 
etc. were selected for further investigations. The preparation method was same as 
mentioned [25]. 
/SS 
d.l.l Potentiometric or EMF measurements 
Membranes were fixed to one end of a Pyrex glass tube (o.d. 1.6 cm, i.d. 0.8 
cm) using araldite as adhesive. The adsorption efficiency towards heavy metal ions 
determined by distribution studies found that the composite was highly selective for 
lead Pb(II). These were then equilibrated with Pb solution (O.IM) for 5-7 days. The 
tube was filled 3/4th with Pb(N03)2 solution (O.IM) and then immersed in a beaker 
containing the test solution of varying concentration of Pb^^ion, keeping the level of 
inner filling solution higher than the level of the test solution to avoid any reverse 
diffusion of the electrolyte. All the EMF measurements were carried out using the 
following cell assembly: 
SCE I O.IM Pb^ l^l Membrane || O.IM Pb^ ^ (test solution)) SCE 
Potentiometric measurements were observed for a series of standard solutions of 
Pb(N03)2 (10~ '° -10~ 'M), prepared by gradual dilution of the stock solution, as 
described by lUPAC Commission for Analytical Nomenclature [26]. Potential 
measurements were made in unbuffered solutions to avoid interference from any 
foreign ion. The calibration graphs were plotted three times to check the 
reproducibility of the system. 
6.2.8 Characteristics of the electrode 
In order to study the characteristics of the electrode, the following parameters 
were evaluated: lower detection limit, slope response curve, response time and 
working pH range. In the present work the selectivity coefficient was calculated by 
fixed interference method, which is one of the mixed solution methods [27] using the 
equation given below: 
K , r =aA/(aB)^ '^^ '' 6.2 
Where aA and as are the activities of primary and interfering ion and ZA and ZB are 
charges on the ions. 
6.2.9 Storage of electrodes 
The polyaniline-based composite electrode was stored in distilled water when 
not in use for more than one day. It was activated with (O.IM) Pb solution by 
keeping immersed in it for 2h, before use, to compensate for any loss of metal ions in 
the membrane phase that might have taken place due to a long storage in distilled 
water. Electrode was then washed thoroughly with DMW before use. 
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6.2.10 Analytical application of the electrode 
The analytical utility of this membrane electrode has been established by 
employing it as an indicator electrode in the potentiometric titration of a 0.0 IM 
Pb(N03)2 solution against 0.005M EDTA solution and 0.005M Pb(N03)2 was titrated 
with 0.0IM oxalic acid. Potential values were plotted against the volume of 
EDTA/Oxalic acid. 
6.3 Results and discussion 
Poly (methyl methacrylate), PMMA, has extra methyl groups acting like the 
spikes to put a quick stop to any slithering. PMMA can be produced using a variety of 
polymerization mechanisms. The German chemists Fittig and Paul discovered in 1877 
the polymerization process that turns methyl methacrylate into poly(methyl 
methacrylate). 
The most common technique is the free radical polymerization of MMA 
[28,29]. The free radical polymerization of MMA can be performed homogeneously, 
by bulk or solution polymerization, or heterogeneously, by suspension or emulsion 
polymerization. Small beads of PMMA can be readily produced using suspension 
polymerization. Suspension polymerization was initiated by free radical initiators that 
favor the monomer phase, such as benzoyl peroxide and dispersant, like polyvinyl 
alcohol (PVA), which stabilize the polymerization and prevent the droplets from 
adhering to one another. The mechanism is given below: 
Initiation 
8S°C 
COOMe 
MfiM (IVIonomer) BPO (liiiUator) 
' \ r 
Propagation 
- < 
Me 
COOMe 
MMA 
Me Me 
— - C H , 
COOMe 
Termination 
Me 
COOMe 
PMAA 
The binding of polymer into the inorganic matrix can be explained as: 
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Me 
4- \-^X n 
COOMe 
Me 
:H^—c 
COOMe 
Cello04 PMM piimA-CeHo04 
Thereby, organic-inorganic composite of poly(methyI methacrylate) cerium 
molybdate (PMMA-CeMo04) was obtained having good ion exchange capacity 
(Table 6.1). On the basis of Na^ ion-exchange capacity, yield and physical 
appearance of beads, sample S-7 was selected for detailed studies. In order to check 
the reproducibility of prepared composite, it was synthesized five times under 
identical conditions of concentration of reagents, mixing ratio and drying temperature. 
The composition and ion exchange capacity and yield of each product were 
examined. The averages and standard deviation of the ion exchange capacity and 
yield were found to be 1.60 meq g"' and ±0.03%, respectivel)'. 
Table 6.1 
Conditions of preparation and the ion exchange capacit> of various samples of 
PMMA-CeMo04 composite cation exchangers 
S. 
No. 
Mixing volume ratios (v/v) 
O.IM Ceric O.IM pH of 
Ammoniu Ammonium in-
m nitrate molybdate organic 
in DMW in DMW precipit 
-ate 
S-l 
S-2 
S-3 
S-4 
S-5 
S-6 
S-7 
0.5 
0.5 
0.5 
1 
0.5 
1 
1 
1.5 
2 
2 
3 
3 
3 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
MMA BPO PVA Na2HP04 
0.01 0.03 0.25 
0.01 0.03 0.25 
0.01 0.03 0.25 
0.01 0.03 0.25 
0.01 0.03 0.25 
0.01 0.03 0.25 
Appearance I.E.C. 
after drying (meq/ 
g) 
Pale yellow 
granular 
Pale yellow 
granular 
Pale yellow 
granular 
Pale yellow 
granular 
Pale yellow 
granular 
Pale yellow 
granular 
Yellow 
granular 
0.40 
0.55 
0.67 
0.98 
1.18 
1.60 
1.45 
^A(^6 Jo6 
The effect of the size and charge of the exchanging ion on the ion-exchange 
capacity was also observed for this material. The alkali metals showed a decreasing 
trend for the ion exchange capacity (K'^ >Na "^ >Li^ ) while the alkaline earth metal ions 
follow the order %2^^> Sr^^>Ca^^>Mg '^'. The size and charge of the exchanging ions 
affect the ion exchange capacity of exchanger. This sequence is in accordance with 
the hydrated radii of the exchanging ions (Table 6,2). 
Table 6.2 
Ion-exchange capacity of various exchanging ions on PMMA-CeMo04 column 
Exchanging pHofthe Ionic radii (A*^  Hydrated I.E.C. 
Metal ions metal solution ionic radii (meq/gm) 
(A«) 
Li^  
Na^  
K^  
Mg^ ^ 
Ca^ " 
Sr^ " 
Ba^ " 
6.9 
6.30 
6.2 
6.0 
6.5 
6.3 
6.2 
0.68 
0.97 
1.33 
0.78 
1.06 
1.27 
1.43 
3.40 
2.76 
2.32 
7.00 
6.30 
-
5.90 
0.88 
1.60 
1.77 
1.85 
2.01 
2.76 
3.12 
'^k(^>ter> 6 /r J7 
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The superiority of the newly synthesized material PMMA-CeMo04 can be 
readily emphasized from good thermal stability as it maintained 58% of its mass by 
heating upto SOOT. The weight loss started from 100°C but in respect to the ion-
exchange capacity and appearance, the material was found to be highly stable (Table 
6. 3) upto 150°C and it retained about 65% of its ion-exchange capacity and 95% of 
its initial mass without noticeable change in color and physical appearance till 250°C. 
It may be due to the loss of external water molecule and condensation of material. The 
results support the TGA studies. 
Table 6.3 
Effect of temperature on ion exchange capacity of PMMA-CeMo04 nanocomposite 
Heating 
temperature 
in (»C) 
50 
100 
150 
200 
250 
300 
350 
400 
500 
600 
Appearance 
(color) 
Pale yellow 
Pale yellow 
Pale yellow 
Cream color 
Cream color 
Dirty white 
Dirty white 
Dirty white 
White 
White 
% Weight 
loss 
-
1.2 
2.7 
4.4 
5.0 
5.5 
7.0 
24 
42.2 
47.5 
I.E.C. 
(meq/gmi) 
1.60 
1.60 
1.59 
1.38 
1.27 
1.15 
1.06 
0.76 
0.20 
0.11 
% Retention 
of I.E.C. 
100 
100 
94 
75.62 
65.62 
53.75 
12.5 
6.8 
1.8 
1.8 
700 White 49 0.03 
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6.3.1 Characterization of PMMA-CeMo04 nanocomposite material 
A study was performed to examine the difference in surface morphology 
between the parent materials and their composites. Fig.6.1 illustrates the micrographs 
of scanning electron microscopy (SEM) revealing that their production was 
successfully achieved yielding materials with particles well dispersed. Fig. 6.1(a) 
shows the micrograph of virgin polymers and it can be seen that the distribution of 
size is not uniform and the particles size varies. Their chain formation is clearly 
visible from the micrograph. In Fig. 6.1(c), SEM picture shows CeMo04 adhered to 
the polymer surface. There are some agglomerates formed which is reflected as larger 
particles. 
Fig.6.1 Scanning electron microphotographs (SEM) of chemically prepared 
(a) PMMA (b) CeMo04 and (c) PMMA- CeMo04 composite system 
%uj/)te^6 /<yj 
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The TEM micrograph shows the particle size of inorganic material CeMo04 and 
'organic-inorganic' composite PMMA-CeMo04 (Fig.6.2). The inorganic material, 
CeMo04, has particle size in nano range as shown in Fig.6.2 (a). The synthesized 
composite using the mentioned inorganic material resulted into the formation of 
nanocomposite whose particle size also lies in the range of 29nm- 68 nm [Fig,6.2(b)] 
Fig.6.2 TEM of (a) CeMo04and (b) PMMA-CeMo04 showing 
their particle sizes. 
,^SMUS^a^ 
The X-ray diffraction studies of the composite cation-exchanger (S-6) (as 
prepared) was carried out using Rigaku X-Ray powder diffractometer with Cu anode 
(Ka ?i=1.54186A°) in the range of 5°<20 < 70° at 30Kv. Fig.6.3 shows the typical 
XRD pattern of the sample at room temperature. It is evident from the XRD pattern 
that the material is formed in the semicrystalline phase. The XRD pattern matches 
with the peaks of CeMo04 [30] and PMMA [31] as reported. PMMA is known to be 
an amorphous polymer [32]. The addition of CeMo04 does not induce high 
crystallinity in these polymers. This also explains the homogeneous nature of 
composite material. The suppositions of peaks confirm the nature and formation of 
the synthesized composite. 
B 
o o 
300 
200 
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Fig.6.3 Powder X-ray diffraction pattern of PMMA-CeMo04 (as prepared). 
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Fig.6.4 compare the thermal property of polymer PMMA to that of PMMA-
CeMo04 composite. The weight decrease started around 250°C onward which 
indicated the depolymerization of polymer. On the contrary, the start of 
depolymerization was retarded in the composite. The TGA curve (Fig.6.4) of the 
composite shows weight decrease started around 350°C which was about 100°C 
higher than the organic polymer. The TGA curve (Fig.().4) of the composite PMMA-
CeMo04 shows that upto 300°C only 7% weight loss w;is observed which may be due 
to the removal of external H2O molecules present at the surface of the composite 
materials [33]. A steep weight loss in PMlVlA-CeMo04 composite was observed 
between 300°C to 450 °C due to conversion of inorganic phosphate into 
pyrophosphate. From 550 °C onwards, a smooth horizontal line represents the 
complete formation of the oxide form of the material. 
100 260 300 4A0 m 600 700 800 900 1000 
TempCel 
Fig.6.4 Simultaneous TGA curves of PMMA and PMMA-CeMo04 (as 
prepared) 
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Fig.6.5 depicts the FT-IR spectra of PMMA, CeMo04 and PMMA- CeMo04. It is 
evident that all the three spectra are similar except for a few changes in the spectra of the 
nanocomposites. The features that are similar identify the presence of PMMA in ail of 
them. The absorption bands at 3440 cm~', 1732 cm"', and 1149-1242 cm'can be 
associated with -OH stretching of the lattice water, C=0 stretching, and C-0 stretching, 
respectively. The bands between 3000 -2900 cm''corresponds to the C-H stretching of the 
methyl group(CH3) while the bands at 1300 and 1450 cm"' are associated with C-H 
symmetric and asymmetric stretching modes, respectively. The C-C stretching bands are 
at 1000 and 800 cm"'. FTIR spectrum of PMMA-CeMo04 [Fig. 6.5 (c)], indicates a 
broad band in the region 3200-3500 cm"', these bands justify the presence of -OH 
stretching and bending mode (a characteristic feature of lattice water) [34]. The 
assemblies of peaks at 950-1100 cm"' in PMMA-CeMo04 are due to the presence of 
P04^ ~ HP04^" and H2P04^" [35]. The band with maxima at 900 cm"' is attributed to M-
0-H bending mode and molybdate ion and overlapping of the molybdate ion and 
Ce(OH) , respectively. These characteristic stretching frequencies are also in close 
resemblance with the inorganic cation-exchanger CeMc)04 which indicates that the 
PMMA molecules were indeed grafted on the surface of inorganic particles. All the three 
spectra indicate (i) the purity of the polymer obtained and (ii) formation of the 
nanocomposites. 
6.3.2 Potentiometric studies of PMMA-CeMo04nanocoinposite 
The results of sorption studies (Table 6.4) indicated that K^ values varied with the 
nature and composition of contacting solvents. It was also observed from the distribution 
studies (/^ d values) that the Pb^ ^ was highly adsorbed in all solvents, while remaining 
metal ions were poorly adsorbed. The high uptake of lead ions in all solvents 
demonstrates not only the ion-exchange properties but also the adsorption and ion-
selective characteristics of the cation-exchanger. 
On this basis, PMMA-CeMo04 has been used as an electro-active component in 
the preparation of the heterogeneous solid-state electrode sensitive to Pb^* ions. Ion-
selective electrodes work on the principle of measurements at zero current. The 
membranes were fixed in the electrode assembly and all measurements were made in a 
concentration cell. The concentration of the electrolyte on the inner side of the membrane 
was fixed at O.IM of Pb^ "^ ions while outer solution varied from 10''^ M to 10' 'M. When 
ions penetrated the boundary between the two phases l(iadirig to the attainment of 
electrochemical equilibrium, the potentials developed. 
MM^lS^^ 
s 
2900 2000 1SN 
Wavflnumbert (cm'^) 
Fig.6.5 FTIR spectra of as prepared (a) PMM A (b) CeMo04 
arid (c) PMMA-CeMo04 
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Table 6.4 
Kd values of some metal ions on PMMA-CeMo04 composite cation exchanger 
column in different solvent system. 
Metal 
ions 
Mg^^ 
Cu^" 
Cd^" 
Co^" 
Sr" 
Ca^" 
Mn'" 
Pb^" 
II 2+ 
Hg 
Al'" 
Ni-^ " 
Cr^" 
Zn^" 
Fe^" 
Ionic 
radii 
(A') 
0.65 
0.92 
0.97 
0.72 
1.18 
1.00 
0.80 
1.18 
1.02 
1.87 
0.69 
0.76 
0.75 
0.63 
DMW 
148 
344 
398 
415 
270 
561 
367 
1710 
744 
231 
639 
486 
702 
466 
10-2M 
HNO3 
262 
197 
322 
TA 
180 
375 
-
1290 
555 
323 
417 
287 
345 
270 
10-3M 
HNO3 
298 
218 
379 
527 
236 
290 
-
1600 
604 
358 
420 
301 
428 
356 
10" M 
HNO3 
315 
336 
422 
560 
248 
328 
112 
TA 
722 
445 
442 
268 
448 
364 
10-3M 
H2SO4 
156 
78 
218 
367 
304 
334 
147 
593 
427 
213 
254 
196 
-
156 
10" M 
H2SO4 
167 
101 
255 
380 
323 
349 
238 
614 
488 
245 
225 
175 
96 
173 
10-3M 
HCI 
184 
244 
190 
221 
116 
184 
76 
580 
377 
152 
134 
190 
2\"i 
267 
10-3M 
HCIO4 
317 
155 
243 
260 
217 
162 
214 
934 
600 
161 
239 
311 
174 
334 
Buffer 
pH 3.75 
178 
282 
290 
316 
246 
411 
320 
1204 
779 
332 
-
280 
348 
407 
Buffer 
pH 5.75 
231 
186 
106 
177 
153 
219 
117 
875 
568 
132 
330 
168 
235 
134 
Buffer 
10 
200 
136 
380 
292 
130 
190 
229 
568 
435 
308 
126 
200 
120 
166 
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6.3.2.1. Optimization of membrane ingredients 
It is well known that the sensitivity, linear dynamic range, and selectivity of the 
ISEs depends not only on the nature of the carrier used, but also significantly on the 
membrane composition, properties of the additives employed as well as the 
adhesive/plasticizer ratio used [36]. It should be noted that plasticizer acts as 
membrane solvent affecting membrane selectivity and also provide mobility of the 
membrane constituents within the membrane phase. In the present study, 
dioctylpthalate was used as plasticizer. Influence of the membrane composition and 
possible interfering ions was investigated on the response properties of the electrode. 
The slope of the calibration curve, the measurement range and response time were 
noted for a number of electrodes. The results are shown in Table 6.5 and membrane 
electrode no. I (M-1) was chosen for further electroanalytical studies. 
Table 6.5 
Characterization of ion-exchange membranes of PMMA-CeIVIo04. 
s. 
No. 
Ml. 
M2. 
M3. 
M4. 
Membrane 
composition 
PMMA-
CeMo04 
(%) 
10 
20 
25 
30 
Binder 
(%) 
Araldite 
(10) 
Araldite 
(10) 
Araldite 
(10) 
Araldite 
(10) 
Characterization of membrane 
Thickness 
(mm) 
0.30 
0.45 
0.64 
0.72 
% total 
wet 
weight 
0.821 
1.110 
1.367 
1.780 
Porosity 
0.00136 
0.00439 
0.00730 
0.00816 
/o 
Swelling 
0.5620 
1.1511 
1.6536 
1.9728 
Slope 
(mV/ 
decade) 
29.48 
29.02 
28.74 
28.14 
Working 
range 
(M) 
1 xlO'-
IxlO' 
5x10"*-
1x10"-
IxlO"*-
1x10"' 
1x10"^ -
1x10"' 
'^afitepd /()() 
6.3.2.2 Calibration Range 
Using the optimized membrane composition described above, the 
potentiometric response of the sensor was studied for Pb"^ in the concentration range 
of 10''^M to 10"'M at 25°C as shown in Fig.6.6. The results showed a Nemstian 
response of 29.48 mV/decade of Pb^"*^  concentration, and the wide linear range 
within the concentration range from lO'V to 10"'M of Pb^^ ions. Experiments were 
conducted a number of times to check the reproducibility of the results. EMFs were 
plotted against the log of activities of mercury ions and calibration curves were drawn 
for five sets of experiment and a standard deviation of ±0.3 mV was observed. The 
detection limit of sensor was determined according to lUPAC recommendations from 
the intersection of two extrapolated linear portions of the curve [37] and was found to 
be 5x10'^. To evaluate the reversibility of the electrode, a similar procedure at the 
opposite direction was adopted. The measurements were performed in the sequence of 
high-to-low sample concentrations and very similar results were obtained. 
6.3.2.3 Response, Reproducibility and Lifetime 
The influence of pH of the test solution on the potential response of the 
membrane sensor was investigated over a pH range of 1-12. The pH was adjusted 
with dilute hydrochloric acid and sodium hydroxide solutions as required. The 
influence of pH on the response of the membrane sensor is shown in Fig.6.7. The 
results showed that the potential is independent of pH in the range of 2.5 to 6.0, 
beyond which the potential changes considerably. The dependency of the potential to 
the pH values out of this range can be attributed to the Ibrmation of some hydroxyl 
complexes of lead (II) ion [38] at higher pH values and to the hydrogen ion response 
at lower pH values. The long-term stability was worked out by performing 
calibrations periodically with standard solutions and calculating the slopes over the 
concentration ranges of 10"'°M to 10"'M of Pb(N03)2 solutions over a period of 240 
days. During this period, the electrodes were in daily use over an extended period of 
time (1 h per day), and the results are provided in Table 6.6. The experimental results 
showed that the electrode response was quite reproducible over the lifetime of 150 
days (Table 6.6) after that a very slight gradual decrease; in the slopes and working 
range was observed. Subsequently, the electrochemical behavior of the sensor 
gradually deteriorated which may be due to ageing of the adhesive (araldite), the 
^MMm,M^ 
plasticizers, and the electroactive material [39]. A decrease in slope was a symptom of 
loss of the normal characteristics of the electrodes. 
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Fig.6.6 Calibration curve for PMMA-CeMo04 membrane (M-1) 
electrode in aqueous solution of Pb(N03)2 
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Fig.6.7 The influence of pH on the potential response of the membrane 
2+ electrode at 1 x 10"' and 1 x 10"M of Pb^ ion 
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Table 6.6 
The stability of the Pb selective PMMA-CeMo04 membrane electrode 
Time (Day) 
1 
10 
30 
50 
70 
90 
120 
150 
180 
210 
240 
Slope (mV decade') 
29.48 ± 0.2 
29.48 ± 0.2 
29.35 ± 0.4 
29.22 ± 0.2 
29.18±0.3 
29.11± 0.3 
29.07± 0.4 
29.0 ± 0.05 
28.86± 0.03 
28.41± 0.4 
28.20± 0.4 
Working range (M) 
IxlO'-lxlO'' 
Ixl0'''-lxl0"' 
IxlO-'-lxlO"' 
Ixl0''-lxl0-' 
Ixl0""-lxl0' 
Ixl0"'^-lxl0"' 
IxlO'^-lxlO"' 
Ixl0'' '-lxl0'' 
5xl0"^-lxl0"' 
SxlO'^-lxlO"' 
Ixl0"'*-lxl0"' 
^^hafiter 6 /O'J 
For analytical applications, the response time of a sensor is an important 
factor. The response time for the Pb -selective electrode to attain a response that is 
within ± 1 mV of steady state potential after successive immersion of the electrodes in 
a series of mercury solutions, each having a 10-fold difference in concentration from 
lO^ M^ to 10" M was investigated. The electrode showed reasonably fast and stable 
potential within 8s and no change was normally observed up to 5 min, and after this 
time started deviating (Fig. 6.8). 
6.3.2.4 Potentiometric Selectivity 
The selectivity behavior is obviously one of the important characteristics of the 
ion-selective electrodes, determining whether reliable measurement in the target 
sample is possible or not. In order to assess the selectivity preference of the 
membrane for an interfering ion relative to Pb^ "^  mixed solution method (MSM) was 
used, ft is evident from Table 6.7, that most of the interfering ions showed low values 
of selectivity coefficient, indicating no interference in the performance of the 
membrane electrode assembly. Such remarkable selectivity of the proposed ion-
selective electrode over other ions reflects the high affinity of the membrane towards 
the mercury ions. 
6.3.2.5 Analytical application 
The sensor was successfully applied as indicator electrodes in the 
potentiometric titration of Hg ion solution with EDTA and oxalic acid. The addition 
of titrants causes a decrease in potential as a result of the decrease in free Pb^ "^  ion 
concentration due to formation of a complex with EDTA/oxalic acid (Fig.6.9). The 
titration curves showed good inflection point at the equivalence point, showing 
perfect stoichiometry. Titration curve 'A' represents the decreasing trend of potential 
response, on addition of lower volume of the titrant and at higher volume, there is a 
steep decrease in the potential and later it becomes stable and in the curve 'B' 
opposite trend is seen.. 
^^Ht^S /70 
Table 6.7 
The selectivity coefficient of various interfering cations for Pb^^selective PMMA-
CeMo04 membrane electrode 
Interfering ion (M"^) Selectivity coefficients (KMSM ) 
Na^  0.062 
Mg- 0.0086 
Cu ^' 0.0055 
Pb-" 0.0040 
Ca^" 0.0021 
Al'" 0.052 
Sr -" 0.022 
Mn- 0.025 
Fe'" 0.072 
Ni-' 0.00072 
Z\-^' 0.0012 
Cd-" 0.0047 
6 ^^^ 
^mia ^cufu^, ^ . ^ M m s^smi^^Si^ 
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2+ Fig.6.8 Dynamic response time of PMMA-CeMo04 electrode for Pb ions 
• EDTA - * - Oxalic acid 
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Fig.6.9 Application of PMMA-CeMo04 electrode for potentiometric 
titration of (a) 0.01 M Pb(N03)2 with 0.005M EDTA and 
(b) 0.005M Pb(N03)2with 0.0 IM oxalic acid 
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7.1 Introduction 
S ynthetic surface-active substances (surfactants) (SAS) are produced worldwide in large amounts. The total world consumption was over 10 million tonnes in 
2000 [1]. Surfactants as environmental pollutants are present in various materials, 
including natural and waste waters, process solutions oi industrial enterprises, 
household consumer products, etc. Surfactants are widely used in industrial processes 
for their favourable physicochemical characteristics such as detergency, foaming, 
emulsification, dispersion and solubilization effects [2-5]. Such extensive applications 
of surfactants have produced environmental pollution and have raised problems in 
wastewater treatment plants [6,7]. The experimental data have shown that surfactants 
can kill microorganisms at very low concentrations (l-5mg/l) and harm them at even 
lower concentrations (0.5mg/l) [8]. In addition, surfactants can produce foams, which 
are a significant problem in sewage treatment. Therefcire, the removal of the 
surfactants from wastewater is important in reducing their environmental impact. 
Many techniques have been used for removal ol' surfactants in aqueous 
solution. Among these, biological degradation, ozonation and extraction are often 
costly and may possibly create secondary pollution because of excessive use of 
chemicals [9,10].In addition, a large number of surfactants used at present, like linear 
alkylbenzene sulphonates, have relatively low biodegradability [11]. The adsorption 
process seems to be an effective method for the removal ol surfactants, especially in 
the case of low concentrations of surfactant. 
Nowadays, SAS are determined by spectroscopic, chromatographic, and 
electrochemical methods, as well as by the methods based on measuring their 
colloidal and physical properties [12-14]. The most widely used technique in 
surfactant analysis is the so-called two-phase titration method, but this technique 
suffers from large number of drawbacks [15]. The main disadvantage of these 
methods are: the limitation of application to strongly coloured and turbid samples, the 
toxicity of organic chlorinated solvent used, the formation of emulsion during titration 
which can disturb visual end-point detection, the numerous matrix interferences, etc. 
Most of these limitations can be overcome by use of ion sensitive electrode. The 
potentiometry with selective electrodes (sensors) is a promising, simple, rapid 
available and inexpensive method for determining surfactants [16-21].The methods 
for the determination of cationic surfactants by direct potentiometry and 
potentiometric titration using surfactant selective electrodes have been reported [22-
26]. The quest for techniques to determine cationic surfactants with high sensitivity, 
accuracy, and precision is important because of their positive charge, by which 
cationic surfactants adsorb more strongly to the negatively charged surfaces of sludge, 
soil, and sediments than do anionic surfactants. 
The liquid membranes or the plasticized poly (vinyl chloride) (PVC) 
membranes which incorporate cation-exchanger are usually used as the sensing 
membranes for cationic surfactant-selective electrodes. However, relatively low 
hydrophobic cation-exchangers such as phosphotungstic acid and ferric thiocyanate 
[27] are often used as sensing membrane, which has limited sensitivity and life time 
of the electrode. Furthermore, the working pH range of the electrodes is relatively 
narrow. 
In this chapter, practical application of polypyrrole zirconium titanium phosphate 
(PPy-ZTP) potentiometric sensor have been explored for determination and analysis 
of cationic surfactant, cetyl trimethyl ammonium bromide (CTAB) in aqueous 
solution. 
7.2. Experimental 
7.2.1. Reagents and Instruments 
The main reagents used for the synthesis of the material were obtained from 
CDH, Loba Chemie, E-merck and Qualigens (India Ltd., used as received). iV-cetyl-
A'^ MTV-trimethyl aimnonium bromide (Ci9H42NBr) (CTAB) was obtained from 
CDH(India) All other reagents and chemicals were of analytical grade. Carlo-Erba, 
model 1108; a digital potentiometer (Equiptronics EQ 609, India; accuracy ±0.1 mV 
with a saturated calomel electrode as reference electrode; an electronic balance 
(digital, Sartorius-210S, Japan). 
7.2.2. Synthesis of electroactive material polypyrrole zirconium titanium 
phosphate (PPy-ZTP) 
The nanocomposite material was prepared by sol-g(2l mixing of an organic 
polymer, polypyrrole (PPy), into the inorganic precipitate of zirconium titanium 
phosphate (ZTP) as mentioned in our previous Chapter 2 (S(;ction-2.2.3). On the basis 
of Na"^  ion-exchange capacity and reproducibility, the sample PP-9 (Table 2.2) was 
selected as electroactive material for fabrication of surfactant selective electrode. 
7.2.3 Preparation and Characterization of nanocomposite membrane 
The method used by Coetzee et.al. [28] was employed in the preparation of ion 
exchange membranes of PPy-ZTP. A number of membi-anes were prepared using 
varying amounts of different binding materials such as ?VC. The preparation and 
characterization method was same as discussed in our previous Chapter 5 (Section-
5.2.3). 
7.2.4 Preparation of cationic surfactant solution for potentiometric studies 
The solution of cetyl trimethyl ammonium bromide (CTAB) was prepared in 
bidistilled water of varying concentration i.e. in the range of 10"'° M to 1 0 ' ' M for 
potentiometric studies. 
7.2.5 Potentiometric measurements 
Membranes were fixed to one end of a Pyrex glass tube (o.d. 1.6 cm, i.d. 0.8 cm) 
using PVC as adhesive. The electrode was preconditioned with 0.1 M CTAB solution 
for 5 days. The tube was filled 3/4th with CTAB solution (O.IM) and then immersed 
in a beaker containing the test solution of varying concentration of cetyl trimethyl 
ammonium ion (CTA"^ ), keeping the level of iimer filling: solution higher than the 
level of the test solution to avoid any reverse diffusion of the electrolyte. The 
response behavior of the PVC membrane electrode to a cationic surfactant was 
examined by measurement of the electromotive force (emf) of the following 
electrochemical cell assembly: 
SCE I O.IM CTA I^I Membrane || O.IM CTA^ (test solution)] SCE 
Potentiometric measurements were observed for a series of standard solutions of 
surfactant CTAB ( 10~" ' -10" 'M) , prepared by gradual dilution of the stock solution, as 
described by lUPAC Commission for Analytical Nomc^nclature [29]. Potential 
measurements were made in unbuffered solutions to avoid interference from any 
foreign ion. In order to study the characteristics of the electrode, the following 
parameters were evaluated: lower detection limit, slope response curve, response time 
^/m/^e/ 7 / 7 7 
and working pH range. The calibration graphs were plotted three times to check the 
reproducibility of the system. 
The nanocomposite PPy-ZTP surfactant sensitive electrode was stored in 
distilled water when not in use for more than one day. It was activated with (O.IM) 
cetyl trimethyl ammonium ion (CTA^) solution by keeping immersed in it for 2h, 
before use, to compensate for any loss of surfactant ions in the membrane phase that 
might have taken place due to a long storage in distilled water. Electrode was then 
washed thoroughly with DMW before use. 
7.3. Results and discussion 
Surfactants are amphiphilic compounds consisting of a long-chain 
hydrocarbon "tail" and a polar (often ionic) "head". In acjueous solutions, surfactant 
molecules can arrange themselves into organized molecular assemblies known as 
micelles if the concentration of the surfactant exceeds a certain value. The 
concentration at which micelles form known as critical micelle concentration 
(C.M.C.). Depending on the type of the charge of the head, a surfactant belongs to the 
anionic, cationic, non-ionic or amphoteric/zwitterionic family. 
Cetrimonium bromide [(Ci6H33)N(CH3)3Br] or cetyl trimethylammonium 
bromide, (CTAB) is one of the components of the topical antiseptic cetrimide. As any 
surfactant, it forms micelles in aqueous solutions. At 303 K (30 °C) it forms micelles 
with aggregation number 75-120 (depending on method of determination, usually 
average -95) and degree of ionization a (fractional charge) 0.2 - 0.1 (from low to high 
concentration). 
Cetrimide is an antiseptic agent with detergent properties, having molecular 
structure: 
I 
It produces potentially life-threatening effects which include coma, 
convulsions, cyanosis, CNS depression, asphyxia etc. The signs and symptoms that 
are produced after the acute overdosage of Cetrimide include convulsions and central 
paralysis. 
Surfactant get adsorb onto solid substrate i.e. cation exchanger from aqueous 
solution by a number of different mechanism: ion exchange, ion pairing, hydrogen 
bonding or by physical adsorption. A number of factors strongly influence the 
adsorption of surfactants: i) the nature of the structural groups on the surface, ii) the 
molecular structure of the surfactant being adsorbed and iii) the environment of 
aqueous phase, its pH, electrolyte content etc. 
The adsorption mechanism of the surfactants metal ions on the ion exchange 
materials can be explained on the basis of micellar association which can be explained 
in terms of the electrostatic model, i.e., Gouy-Chapman electrical double layer 
approximations [30,31] and the counter ion binding approximation [32]. 
Micelles are not rigid but highly mobile in spite of their aggregated structure. 
They exist in a dynamic equilibrium with the free monomers [33]. The life time of a 
monomer in the micelle is about 10-5s [34]. The intramolecular motions of 
monomers within the micelle can be assumed to be rather unrestricted with an 
enhanced mobility of the terminal alkyl group predominantly oriented within the 
micellar core and of the ionic head groups situated at the surface of the micelle [35]. 
Correlation limits of these motions are considerably shon:er than residence times of 
individual monomers in the micelles. Thus, for a process, where a characteristic time 
range is slower than that of the ionic head group mobility, the micelles appear to be a 
sphere, uniform smeared-out surface charge. As a result, a constant surface potential 
can be assigned to the micellar surface. 
PPy-ZTP has been used as an electro-active component in the preparation of 
the heterogeneous solid-state electrode sensitive to surfactant CTAB. Ion-selective 
electrodes work on the principle of measurements at zerct current. The membranes 
were fixed in the electrode assembly and all measuniments were made in a 
concentration cell. The concentration of the electrolyte on the inner side of the 
membrane was fixed at O.IM of CTAB while outer solution varied from 10"'°M to 
10- 'M. When ions penetrated the boundary between the two phases leading to the 
attainment of electrochemical equilibrium, the potentials de\ eloped. 
7.3.1 Electrochemical Characteristics of the Surfactant- Selective Electrode 
The electrochemical performance of PPy-ZTP electrode was systematically 
evaluated according to lUPAC guidelines [36]. Table 7.1 shows the response 
characteristics of the plasticized PVC composite cation exchange membrane electrode 
to CTAB. 
The electrode investigated showed Nemstian response with a slope of 
57.7mV/decade in the concentration range of lO'^ M to lO'^ M of CTA^ ion as shown 
in Fig. 7.1. Furthermore, experiments were conducted three times to check the 
reproducibility of the results and emf values were reproducible within ±0.04mV. The 
surfactant electrode is capable to determine the critical micelle concentration 
(C.M.C.) of CTAB, since the electrode is highly selective for it. The observed 
calibration curve for the CTA* ion (Fig.7.1) has a break point, which corresponds to 
the C.M.C. of the CTA^ ion. These results agree well with reported C.M.C. value 
[38]. The effect of pH on the potential of the surfactant-selective electrode was 
investigated based on changes in pH over the range of 1-10. The pH was changed by 
adding very small volumes of 0.1 M hydrochloric acid or 0.1 M sodium hydroxide. At 
all concentrations, the electrode potential was stable and practically unaffected by the 
pH change over the working pH range 2.5-8.0, above which the potential reading 
decreased sharply as shown in Fig.7.2. This behaviour might be attributed to OH" ion 
interference with the response of the electrode. 
Table 7.1 
Response characteristics of the CTAB senshive PPy-ZTP membrane electrode 
Parameter Response 
Slope (mv/decade) 
Correlation coefficient (Y) 
Linear range (M) 
Detection limit (M) 
Critical Micelle Concentration (C.M.C.) 
57.7--r 0.04 
0.9992 
10"^-I0" 'M 
6x 10**M 
2xlO'-^M 
V/io/j/er / /<S() 
.MM^Z'^^a^ 
450 1 
f -logCTA* 
Fig.7.1 Calibration curve for surfactant sensitive PPy-ZTP membrane 
electrode in aqueous solution of CTAB 
100 
1 15 2 2.5 3 4 5 6 7 8 9 10 
j PH 
Fig.7.2 The influence of pH on the potential response of surfactant sensitive 
membrane electrode at A) 1 x 10"* B) 1 x 10"^  and C) 1 x 10"^ M CTA^ ion. 
'^/ui^ei' 7 /s/ 
'aatuxO', m:o/^ (, .^W/.%«^. 
The promptness of the electrode is an important parameter determined by 
observing electrode's response time. The electrode provided stable emf reading within 
40s for 10 "^-10'^ M CTAB solution after which it started deviating (Fig.7.3). 
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Fig.7.3 Response time of CTA^ ion senshive PPy-ZTP membrane electrode 
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The long-term stability was worked out by performing calibrations periodically 
with standard solutions and calculating the slopes over the concentration ranges of 10" 
M tolO" M of surfactant solutions over a period of 150 days. During this period, the 
electrodes were in daily use over an extended period of time (Ih per day), and the 
results are provided in Table 7.2 a very slight gradual decrease in the slopes and 
working range was observed. Subsequently, the electrochemical behavior of the 
sensor gradually deteriorated which may be due to ageing of the adhesive (PVC), the 
plasticizers, and the electroactive material [37]. A decrease in slope was a symptom of 
loss of the normal characteristics of the electrodes. 
Table 7.2 
The stability of the CTA^ selective PPy-ZTP membrane electrode 
Days 
1 
10 
20 
30 
40 
60 
90 
120 
150 
Slope (mV 
decade"') 
57.7 ± 0.04 
57.7 ± 0.04 
57.7 ±0.05 
57.6 ± 0.02 
57.6 ± 0.02 
57.5 ± 0.2 
57.2 ± 0.4 
57 ±0.03 
56.5 ± 0.3 
Detection limit (M) 
6x10" 
6x 10-^  
6 X 10'^ 
6x 10-^  
6x 10-* 
7x 10'^  
2x 10"' 
3 X 10'^ 
5x 10-' 
Working range 
(M) 
IxlO'-lxlO' 
Ixl0"'-lxl0-^ 
lx]0"^-lx]0"^' 
Ix10"^-lxl0--' 
Ixl0"^-)xl0-^' 
IxlO'^-lxlO'^ 
5x|0'^-|xlO--' 
5xlO'^-lx[0--' 
5xlO''-lxiO-^ 
O/ia/j/f/- / /<S<i 
1.3.2 Potentiometric Selectivity 
The selectivity of the surfactant-selective electrode for the CTAB ion was 
examined by the mixed solution method (MSM) [39]. The electrode potential was 
measured for various concentrations of the CTAB under constant concentrations of a 
potentially interfering ion. Inorganic cations, non ionic surfactant and long-chain 
quaternary ammonium ions were examined as the potentially interfering ions. The 
results as shown in Table 7.3 reveal that the presence of different cations does not 
interfere with foreign basic compounds, and the electrode display reasonable 
selectivity for surfactant CTAB. 
Table 7.3 
The selectivity coefficient of CTA^ selective PPy-ZTP membrane 
electrode for various interferents 
Interferents 
K" 
Na^ 
Mg^ ^ 
Cu^^ 
Zn'^ 
Cd'^ 
Al^ ^ 
Cetyl pyridinium 
Triton X-100 
chloride (CPC) 
Dodecyl pyridinium chloride (DPC) 
Selectivitj co-efficient 
(KMSM ) 
5.6x 10* 
5> 10-' 
3.2 X 10-
6. 10-" 
6< 10"' 
4.''x 10"' 
7< 10"^  
5^ 10"^  
9x 10"" 
2x 10"' 
%/u^)ter / /S4 
S^M^im^ 
7.3.3. Analytical application 
7.3.3.1 Potentiometric titration 
The proposed surfactant selective membrane sensor was found to work well 
under laboratory conditions. The electrode was used successfully as an end-point 
detector in the potentiometric titration of ionic surfactants, CTA^ and CP"^  (cetyl 
pyridinium ion), with sodium dodecyl sulphate solution. The titration curves showed 
good inflection point at the equivalence point, showing perfect stoichiometry as 
shown in Fig.7.4. Surfactants with the same hydrocarbon chain length gave potential 
breaks to equivalence increasing in an order that parallels the selectivity coefficient 
behaviour. The accuracy of the method was checked by carrying out a series of 
titrations. The estimated relative error was lower than 1%. 
600 
•CTAB- •CPC 
W 100 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 
I Volume of titrant (ml) 
Fig.7.4 Potentiometric titration of cationic surfactant with 10' M sodium 
dodecyl sulphate solution using surfactant sensitive PPy-ZTP 
membrane electrode 
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7,3.2 Potentiometric Selectivity 
The selectivity of the surfactant-selective electrode for the CTAB ion was 
examined by the mixed solution method (MSM) [39]. The electrode potential was 
measured for various concentrations of the CTAB under constant concentrations of a 
potentially interfering ion. Inorganic cations, non ionic surfactant and long-chain 
quaternary ammonium ions were examined as the potentially interfering ions. The 
results as shown in Table 7.3 reveal that the presence of different cations does not 
interfere with foreign basic compounds, and the electi-ode display reasonable 
selectivity for surfactant CTAB. 
Table 7.3 
The selectivity coefficient of CTA^ selective PPy-ZTP membrane 
electrode for various interferents 
Interferents Selectivitj co-efficient 
(KMSM) 
Cd-^  
3+ Al 
Cetyl pyridinium chloride (CPC) 
Triton X-100 
Dodecyl pyridinium chloride (DPC) 
5.6 < 10-
Sx 10"' 
3.2x 10"' 
6> 10"' 
6> 10'" 
4.7X lO"*^  
7x 10"' 
5x 10"' 
9:< 10"" 
2< 10"' 
(b/iaMef / A?/ 
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8.1 Introduction 
P esticides stand out as one of the major developments of the twentieth century. During the past twenty years, however, concern has arisen as their presence 
above a certain limit in the environment poses a threat to wildlife and mankind. The 
use of pesticides also constitutes an important aspect of modem agriculture, as 
without chemicals it will be very difficult to control various pests like insects, weeds, 
plant diseases, worms and rodents, our food supply would decrease and prices would 
increase. Unfortunately, pesticides are poisons and have exposed the human life to 
many potential hazards. A current environmental concern is the contamination of 
aquatic systems due to pesticide discharges from manufacturing plants, surface runoff, 
leaching accidental spills and other sources. They degrade in the environment due to 
physical, chemical or biological factors, giving rise to several residues, which may 
include the parent compound that forms the pesticide [1-4]. Some degradation 
products are reported to be even more hazardous than the pesticide that is degraded 
[5]. Hence, the investigation of the fate of pesticides, and pesticide residue analysis 
are important steps in monitoring their pollution in the environment. 
Pesticides of the carbamate family have been progressively replacing more 
persistent species (mainly organophosphates) due to their low persistence in the 
environment, biological activity and large spectrum of utilization. They are used as 
insecticides, fungicides, nematocides, miticides and molluscocides. Dithiocarbamates 
are widely used in agriculture as fungicide and in rubber industry as vulcanization 
accelerators and antioxidants. Among the numerous agrochemicals in use today, the 
fungicide Thiram is a general pesticide which belongs to the ethylene 
bisdithiocarbamate (EBDC) chemical class. It is used as a fungicide to protect seed 
and fruit, vegetable, ornamental and turf crops from a variety of fimgal diseases, 
prevent crop damage in the field and protect harvested crops from deterioration in 
storage or transport. Detection of thiram and similar sulfiir containing compounds has 
been advanced significantly in the recent past because of their usage in agriculture 
.^w^^^, m.^^s^^ .^smc^^^ 
and industry [6-8]. Two well known pesticides Ferbam and Ziram give thiram as its 
degradation product in the environment [9]. 
Thiram also known as tetramethylthiuram disulfide (C6H12N2S4) having 
molecular structure: 
H,C 
/ 
H,C S—S, 
\ 
CH. 
C — M 
/ 
J \ CH, 
The name "thiuram" (thiram) was approved by the Japanese Ministry of 
Agriculture, Forestry and Fisheries. Thiram was originally evaluated in 1965 
(toxicology) and 1967 (toxicology and residues) and is included in the 
dithiocarbamate group of compounds. Morgenroth (1995) [10] measured the 
adsorption and desorption properties of thiram on four different soils, a sandy loam, 
loamy sand, silt loam and loam and foimd that only small proportions of thiram could 
be desorbed from the soils. Wyss-Benz (1992) [11] studied the degradation pathways 
of thiram in water/sedimant systems. 
The mechanism involved during degradation process is given below: 
CH, CH, 
CH, 
N-C—S—S—C-N 
/ CH, 
CH, 
CH, 
CH 
N-C—S—CH, 
CH, 
CH: 
S 
>. II 
N-C—SH 
/ 
CH,^ 
CH, 
O 
. II N - C - S O H 
CH-
\ W ,1 
N - C - N 
/ ^ CH, 
+ 
[CS2J+ CO2 ^""^ _^^ unidentified metabolites 
in soil [CS2]+ CO2 
Thiram is moderately toxic by ingestion, but it is highly toxic if inhaled. 
Chronic exposure to thiram in humans includes drowsiness, confusion and loss of sex 
drive, slurred speech and weakness. In the human body, its degradation gives rise to 
carbon disulfide which contributes to the toxicity of thiram to the liver [12,13]. 
A number of methods such as spectrophotometric [14], chromatography [15], 
voltammetric[16], polarographic [17], capillary electrophoretic [18], FTIR 
spectrometry [19] etc., has been reported for the detection and analysis of thiram. 
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However, all these methods suffer from the following disadvantages (i) methods other 
than gas chromatography are indirect, time-consuming and sensitivity is low, (ii) they 
involve expensive instrumentation and toxic solvents and (iii) gas chromatographic 
methods are sensitive, but suffers from a lack of selectivity since all dithiocarbamate 
pesticides evolve carbon disulfide on acid but the method lacks sensitivity. 
Comprehensive reviews on thiram pesticide in enviroimiental and pharmaceutical 
samples have also been reported [20,21]. 
This chapter presents a relatively simple, rapid, sensitive and selective 
spectrophotometric and electroanalytical method for determination of Thiram using 
prepared nanocomposite cation exchanger, Polyaniline zirconium titanium phosphate 
(PANI-ZTP). 
8.2. Experimental 
8.2.1. Equipment and Reagents 
The main reagents used for the synthesis of the material were obtained from 
CDH, Loba Chemie, Merck and Qualigens (India Ltd.) of analytical grade. Carlo-
Erba, model 1108; a digital potentiometer (Equiptronics EQ 609, India; accuracy ± 
0.1 mV with a saturated calomel electrode as reference electrode; an electronic balance 
(digital, Sartorius-210S, Japan), and an automatic temperature controlled water bath 
incubator shaker-Eicon (India) and Elico SL 164 Double Beam UV visible 
spectrophotometer were used. 
8.2.2 Preparation of Thiram solutions 
A stock solution of thiram (1 g/1) was prepared by dissolving 100 mg of this in 
acetone and diluting to 100 mL in a standard flask and then fiirther dilutions were 
done as desired. A rapid, simple and direct method was developed by Malik et al. [20] 
for spectrophotometric determination of Thiram in commercial samples using sodium 
selenite as a reagent. Reagent was prepared by adding 0.01 g of sodium selenite in 
solution of acetone and acetate buffer, prepared in distilled water by dissolving 
sodium acetate trihydrate in water (200 ml) and adjusting the pH to 3.75 by adding 
glacial acetic acid (25-30 ml) thus making up the total volume to 500 ml. 
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8.2.3. Synthesis of nanocomposite cation exchanger PANI-ZTP 
The composite cation-exchanger was prepared via the sol-gel interaction of 
polyaniline (an organic polymer) into the inorganic precipitate of zirconium titanium 
phosphate (ZTP). The resulting composite was chosen for adsorption studies on the 
basis of its extraordinary high Na^  ion-exchange capacity (4.5meq/g) as mentioned in 
previous Chapter 2 (Section - 2.2.3) the sample PA-7 was selected for carrying out 
adsorption studies (Table 2.1). 
8.2.4 Adsorption thermodynamics 
Adsorption studies were carried out by batch process. 0.5g of adsorbent (PANI-
ZTP) was placed in different 100ml conical flasks in which 10ml of varying 
concentration of Thiram solution (10-100 ppm) was added and then the mixture was 
shaken in temperature controlled shaker incubator for Ih. The resulting supernatant 
liquid was filtered. 2ml of filtrate was added into the solution of acetate buffer (1ml) 
and sodium selenite prepared in acetone (5ml) making up the volume to 10ml with 
distilled water. A light pink color solution obtained. The absorbance of the solution 
was measured by UV-visible spectrophotometer at 420nni against a reagent blank. 
The adsorption percentage (Ads %) from standard solution was calculated as: 
Ads% = [(Co-Ce)/Co]xlOO 
Where Co and Ce are absorbance before and after on cation exchanger respectively. 
8.2.5 Fabrication of pesticide-sensitive PANI-ZTP cation -exchanger membrane 
electrode 
The membrane electrode was fabricated employing the method reported in the 
literature [22]. EMF measurements were carried out using the following cell 
assembly: 
SCE I O.IM Thiramll Membrane || Test solution) SCE 
Potentiometric measurements were observed for a series of standard solutions 
of Thiram (IO^'^'-IO^'M), prepared by gradual dilution of the stock solution, as 
described by lUPAC Commission for Analytical Nomenclature [23]. The calibration 
graphs were plotted three times to check the reproducibility of the system. 
"^hafite^S ^9/ 
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8.2.6 Characteristics of the electrode 
In order to study the characteristics of the electrode, the following parameters 
were evaluated: lower detection limit, slope response curve, response time. 
8.2.7 Determination of Thiram concentrations in synthetic samples using 
pesticide sensitive nanocomposite electrode 
The practical utility of the proposed membrane sensor assembly was tested by 
using it in the potentiometric determination of the Thiram concentration in synthetic 
samples. For this, synthetic mixtures of pesticide like Ziram, Zineb and Thiram were 
prepared ranging from 1x10 M to 1 x 10 M solution and the potential of each sample 
was measured by the pesticide-sensitive membrane electrode. By comparing this 
potential with the calibration curve, it was possible to calculate the percentage 
recovery of Thiram. 
8.3 Results and discussion 
A number of samples of 'organic-inorganic' nanocomposite cation-exchanger 
polyaniline-zirconium titanium phosphate (PANI-ZTP) were prepared by the sol-gel 
mixing of conducting polymer polyaniline with tetravalent bimetallic inorganic ion-
exchanger zirconium titanium phosphate (ZTP). The extraordinary ion-exchange 
capacity (4.52 meq dry g"') of PANI-ZTP sample i.e.PA-7 (Table 2.1) mentioned in 
previous Chapter 2 (Section - 2.2.3), makes it an excellent adsorbent for pesticide. 
Thiram (tetramethyldithiocarbamate) is a well-known dithiocarbamate fungicide 
used as a seed protectant having structural formula: 
HoC II II CHj 
N - - - •• 
y HaC 5 S^ tHa 
The mechanism of adsorption can be represented by the following equation. 
CH, S S CH, 
CH/ CH, 
<i :a-^ - • - ^ / 
Thiram PANI-ZTP 
where X is zirconium titanium phosphate (ZTP) 
+-
— N H -
C H . C H , 
I' 
a - s 
X 1* 
S 
S 
h-=s 
^^ 
CH, CH,-
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8.3.1 Absorption Spectra 
Fig.8.1 shows the absorption spectra of sodium tetramethyldithiocarbamate 
complex of Thiram before and after adsorption on the nanocomposite cation 
exchanger at Xmax 420 nm. 
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Fig.8.1 Absorption spectra of (a) Thiram complex before adsorption 
and (b) After adsorption on PANI-ZTP nanocomposite 
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8.3.2 Adsorption isotherm 
Adsorption studies were carried out to determine the uptake rates of Thiram on 
the adsorbent as function of time. Fig.8.2 shows equilibrium studies for three different 
concentrations which indicated that 50 min was sufficient for the attamment of 
equilibrium in the system. Thiram was adsorbed completely upto 20ppm of the 
concentration and retained about 75% of its adsorption upto 100 ppm on the surface 
of PANI-ZTP composite cation exchange material (Table 8.1). This may be due to 
the marked localization of attractive forces associated with the tMo group (C=S) of 
the carbamate leading to interaction with exchanger cations (H^). Moreover, the 
nanosize of the material increases the surface area of adsorbent, resulting maximum 
adsorption of pesticide. 
The capacity of any adsorbent for the removal of substances is generally 
calculated from Langmuir and Freundlich isotherms. The equilibrium data obtained 
from batch experiments were used to calculate the value of the isotherms constants. 
30oC -i&~40oC —•—SOoC 
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Time (min) 
Fig.8.2 Percentage adsorption of Thiram on PANI-ZTP surface 
with time at different temperature 
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Table 8.1 
The adsorption percentage (Ads %) of Thirara before and after adsorption on PANI-
ZTP cation-exchanger 
S.No. 
1. 
2 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Concentration 
(ppm) 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
Absorbance 
Before Adsorption 
0.20 
0.181 
0.254 
0.282 
0.427 
0.606 
0.781 
0.932 
1.212 
1.505 
After 
Adsorption 
Completely 
adsorbed 
Completely 
adsorbed 
0.004 
0.010 
0.022 
0.038 
0,071 
0.116 
0.209 
0.366 
% Adsorbance 
100 
100 
98.43 
96.45 
94.85 
93.73 
90.90 
87.55 
82.76 
75.68 
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8.3.2.1 Freundlich isotherm 
The Freundlich isotherm [24] is an empirical equation employed to describe 
heterogeneous systems. The adsorption isotherms at 30°C, 40°C and 50°C follow 
Freundlich behaviour which can be represented by the equation: 
Q = KfCj"' 8.1 
The linear form of Freundlich equation is given as: 
InCs = InKf + l/nlnC 8.2 
where, Ce is the equilibrium concentration of the adsorbate (mg/1), Cs is the amount of 
adsorbate adsorbed per unit mass of adsorbent (mg/g), Kf and n are Freundlich 
constants, the value of K shows the adsorption capacity of the sorbent and n indicates 
whether the process is favorable or not. Kf and 1/n determined from the intercepts and 
slopes of the straight lines fitted to the experimental data points via the least-squares 
method. The slope of 1/n ranging between 0 and 1 is a measure of adsorption intensity 
or surface heterogeneity, becoming more heterogeneous as its value gets closer to 
zero [25]. 
In the present study, the plot of log Cs versus log Ce was linear (Fig.8.3), 
thereby indicating the applicability of the classical adsorption isotherm to the 
adsorbate-adsorbent system. The values obtained for the Freundlich constants, Kf and 
1/n, are listed in Table 8.2. The value for 1/n below one indicates a normal Langmuir 
isotherm. While 1/n above one is indicative of cooperative adsorption [26]. As the 1/n 
value found from slope is less than 1, thus adsorption of thiram on composite PANI-
ZTP is favourable. The higher value of Kf at 30 °C is an indication of the higher 
affinity of the adsorbent for Thiram at this temperature. 
8.3.3 Thermodynamic parameters 
The thermodynamic parameters such as standard enthalpy (AH°), standard 
entropy (AS°) and standard free energy (AG°) were calculated by using the following 
equations: 
In Kd =^-.^ 8.3 
R RT 
where R (8.314 J/mol K) is the universal gas constant, T (K) is the absolute solution 
temperature and Kd is the distribution coefficient which can be calculated as: 
Kd = CAe/Ce 8.4 
where CAS (mg/1) is the amount adsorbed on solid at equilibrium and Ce (mg/L) is the 
equilibrium concentration.The values of (AH°), and (AS°) were calculated from the 
slope and intercept of Van't Hoff Plots (Fig.8.4) of In Kd versus 1/T and (AG°) can be 
calculated using the relation below: 
AG° = -RTlnkd 8.5 
The calculated values of (AH°), (AS°) and (AG°) are listed in Table 8.3. The 
positive value of AS° indicates that there is an increase in the randomness in the 
system solid/solution interface during the adsorption process; In addition, the negative 
value of (AH°) indicates that the adsorption is exothermic. The negative values of 
(AG°) indicate both the feasibility and the spontaneous nature of the adsorption 
process, having high preference for Thiram pesticide. 
8.3.4 Study of Thiram-sensitive membrane electrode 
On the basis of the adsorption behavior of Thiram on the surface of PANI-ZTP, 
the Thiram sensitive heterogeneous precipitate membrane electrode was prepared 
using PANI-ZTP eletroactive cation exchange material which gave linear response in 
9 1 R 
the range 1x10' M' xlO" M with a Nemstian slope of 57.91 mV per decade change 
in Thiram concentration (Fig.8.5). Experiments were conducted a number of times to 
check the reproducibility of the results.The limit of detection determined from the 
intersection of the extrapolated segments of the calibration graph [27] was found to be 
7 x 1 0 % . 
Promptness of the response of the pesticide sensitive electrode was also 
determined. It is clear (Fig.8.6) that the response time oi" the membrane sensor is 
found to be ~45s. The long-term stability was worked out by performing calibrations 
periodically with standard solutions and calculating the slopes over the concentration 
ranges of 10"'°M to lO'^ M of Thiram solutions over a period of 70 days and the 
results shown that the membrane could be successfully used upto 2 months 
without any notable change in potential during which the potential slope is 
reproducible within ±1 mV per concentration decade. 
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Fig.8.3 Freundlich plot for the adsorption of Thiram on PANI-ZTP 
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Fig.8.4 Van't Hoff plot for the determination of thermodynamic parameters 
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Table 8.2 
Freundlich constant for the adsorption of Thiram 
Freundiich constant Temperature (^ C) 
30 40 50 
Kf 1.052 1.045 1.006 
1/n 0.7512 0.6185 0.8214 
R^  0.9999 0.9996 0.9998 
Table 8.3 
Thermodynamic parameters for adsorption 
Temperature AG**(KJ mol') AH*'(KJ mol') AS° (KJmol'K') 
(°C) 
30 -6.178 -8.085 6.29x10"^  
40 -6.115 -8.085 6.29x10"^  
50 -6.042 -8.085 6.29x10 -3 
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Fig. 8.5 Calibration curve for Thiram sensitive membrane electrode 
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Fig. 8.6 Time response curve of Thiram sensitive membrane electrode. 
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8.3.5 Determination of Thiram in synthetic mixtures 
Aliquots of the samples were prepared by mixing solutions of ferbam with other 
dithiocarbamate solutions, which were then analyzed using calibration plot. The 
results of the determinations are given in Table 8.4, shows the recovery was 
satisfactory. 
Table 8.4 
Determination of Thiram in synthetic solution by potentiometric titration using 
Thiram sensitive electrode 
Sample Amount of Thiram (M) % Recovery 
Thiram 
Thiram 
Synthetic mixture of 
Thiram +Ziram 
Added 
1x10"^  
5x10"* 
1x10'^  
Found 
0.96x10-^ 
4.5x10-^ ^ 
0.92x10"^ 
96% 
90% 
92% 
(1:1) 
Synthetic mixture of 
Thiram + Zineb 
(1:2) 
6x10 -6 5.7x10 -6 95% 
^/ia/}/er <S 'JO/ 
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9.1 Conclusion 
^ ^ rapid development in nuclear energy, hydrometallurgy and recovery of 
^ V materials from industrial wastes has enforced attempts to synthesize highly 
selective ion exchange materials. 'Organic-inorganic' hybrid materials represent the 
natural interface between two worlds of chemistry (organic-inorganic) each with very 
significant contributions to the field of material science, and each with characteristic 
properties that result in diverse advantages and limitations. ITie development of 
'organic-inorganic' hybrid materials has been an important enterprise for people from 
very diverse origins (academic, research and industrial sectors), due to their intrinsic 
multifunctional character and their potential use in multiple fields. 
This research work focussed on 'Organic-inorganic' synthetic composites 
prepared by binding conducting and nonconducting polymers and synthetic inorganic 
ion exchanger to enhance number of properties viz chemical, mechanical, thermal 
stability, improvement in ion-exchange properties and also their selective nature for 
the heavy toxic metal ions. 
The sol-gel reaction makes possible to incorporate the organic polymer 
segments in the network matrix of inorganic materials resulted in the formation of 
'organic-inorganic' synthetic composites. Since nanocomposites in which the 
inorganic part and the organic entities interact at molecular level in the nanoscopic 
domain leads to unexpected new properties exhibiting a vast application potential 
which are often not exhibited by individual compounds or macrocomposites, thus 
effort has been done to synthesize the composite materials in nano-range. 
For synthesizing novel nanocomposite, highly demanding conducting polymers 
polyaniline and polypyrrole and a nonconducting polymer PMMA were used as 
organic entity. Since the literature survey shows that bimetallic tetravalent metal acid 
(TMA) salts (such as compounds containing two different cations and a given anion 
or vice versa) have more improved exchange properties and selectivity for particular 
metal ions as compared to single salts, thus zirconium titanium phosphate, zirconium 
tungstoiodophosphate and cerium molybdate were chosen as inorganic matrix. 
It was quite clear from the results that the incorporation of organic polymer into 
the inorganic matrix by sol gel method was successfiilly achieved, resulted in the 
formation of synthetic nanocomposites Polyaniline zirconium titanium phosphate 
(PANI-ZTP), Polypyrrole zirconium titanium phosphate (PPy-ZTP), Polyaniline 
Zirconium tungstomolybdate (PANI-ZWIP). Poly(methyl methacrylate) cerium 
molybdate (PMMA-CeMo04) was synthesized using new techniques i.e. in-situ free 
radical polymerization. These nanocomposites exhibited good ion exchange capacity, 
reproducibility, better mechanical and granulometric properties with high selectivity 
for toxic metal ions i.e. mercury, thorium, copper and lead. 
The physico-chemical and ion exchange cum sorption properties of all these 
nanocomposites has-been noted. Apart from ion exchange behavior, the prepared 
nanocomposites showed enhanced thermal and chemical stability as compare to their 
individual organic and inorganic moiety. 
The nature, particle size, morphology, thermal stability and the fimctional 
groups present in the prepared composite material has been characterize by using 
TEM, SEM, XRD, FTIR and TGA-DTA techniques. TEM micrographs proved that 
the prepared composites are nanocomposites as their particle sizes fall in nano range. 
The XRD pattern revealed semicrystalline nature of the materials. The SEM images 
showed the difference in surface morphology after binding of inorganic ion-exchange 
material with organic polymer which indicates the formation of new materials. The 
enhanced thermal stability of the synthesized nanocomposite was supported by TGA-
DTA studies. The presences of respective functional groups of organic and inorganic 
moeity in the prepared composites were justified by their FTIR spectra. The chemical 
stability and structure was elucidated using AAS and elemental analysis. 
The distribution coefficient (Kd) values obtaining from sorption (selectivity) 
studies indicates adsorption behavior of the nanocomposites. According to 
distribution coefficient (Kd) values, the prepared nanocomposite PANI-ZTP was 
found to be highly selective for mercury[Hg(II)], similarly PPy-ZTP for thorium 
[Th(lV)], PANI-ZWIP for copper [Cu(II)] and PMMA-CeMo04 for lead [Pb(II)]. 
The adsorption behaviors of these cation-exchangers are promising in the field of 
pollution chemistry where an effective separation method is needed for these toxic 
metal ions from other pollutants. 
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The differential behavior on the uptake of metal ions by the materials in 
different solvent system indicates the separation possibilities of certain metal ions of 
analytical interest from a given mixture. The selectivity nature of proposed 
nanocomposites has been demonstrated by achieving some important binary and 
ternary separations, viz. Hg(II)-Cu(II), Hg(II)-Co(II), Hg(II)-Pb(II), Hg(II)-Fe(III), 
Hg(II)-Sr(II), etc. on the composites column ,successfully. The results showed the 
separations are quite sharp and recovery was quantitati\e and reproducible. Such 
separations can also be utilized for the removal of specific metal ions, which may 
interfere in the determination of certain other metal ions. Thus, these nanocomposites 
can establish their position in separation science and technology. 
There are varied applications of the electrically conducting 'organic-inorganic' 
composites in electronic devices, semiconductor devices, sensors, gas sensors, bio-
sensors. Ion-selective electrodes, electrochemomechanical devices, thin film 
technology, display devices, smart windows, conducting textiles, rechargeable 
batteries, electrochemically switchable ion-exchanger etc. 
The present work involves conducting polymers polyaniline and polypyrrole 
which exhibited conducting behavior to the prepared nanocomposites PANI-ZTP, 
PPy-ZTP and PANI-ZWIP. Since PMMA is a nonconducting one, thus the resultant 
composite PMMA-CeMo04 doesn't show conducting behavior. 
DC electrical conductivity of the composite cation exchangers were 
determined by using Four-in-line Probe DC electrical conductivity measuring 
instrument for semiconductors. The proposed nanocomposites, PANI-ZTP, PPy-ZTP 
and PANI-ZWIP, possessed DC electrical conductivity in the semi-conducting range, 
i.e. lO'^ -lO'^  S cm'', 10"^ -10'^  S cm"' and lO'^ -lO'^  S cm"' thus reveal the promising 
use of conducting cation exchangers in academic as well as in advance research 
studies in nano science technology. The stability in terms of DC electrical 
conductivity retention was also studied in an oxidative environment by two slightly 
different techniques viz. isothermal and cyclic techniques. The behaviour of the 
synthesized nanocomposite materials so prepared were suitable for use in electrical 
and electronic applications below 140°C under an ambient atmosphere. 
The increasing demand for chemical surveillance in environment protection, 
medicine and many industrial processes has created the need for sensors or ion-
selective electrodes (ISEs) having high selectivity for heavy toxic metal ions. 
Electrochemical sensors represent an important class of chemical sensors in which an 
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electrode is used as the transduction element. According to distribution coefficient 
(Kd) values, the prepared nanocomposite PANI-ZTP was found to be highly selective 
for mercury[Hg(II)], similarly PPy-ZTP for thorium [Th(IV)], PANI-ZWIP for copper 
[Cu(II)] and PMMA-CeMo04 for lead [Pb(II)]. Therefore, these 'organic-inorganic' 
composite materials are used as electroactive component for the fabrication of various 
potentiometric sensors for sensing selective toxic metal ions.The proposed electrodes 
showed fairly good discrimination of selective metal ions over several other inorganic 
ions. The membrane electrodes were mechanically stable, having wide dynamic range 
with quick response time and could be operated for long period without any 
considerable divergence in the potential response characteristics. The practical and 
analytical utility of proposed nanocomposite membrane electrodes can be justified by 
employing them as indicator electrode in complexation titrations which gives 
satisfactory results and successful determination of respective selective metal ions in 
aqueous solution. 
One of the important eletroanalytical applications of synthesized 
nanocomposite, PPy-ZTP, is its sensitivity towards cationic surfactant. Thus, a 
surfactant sensitive electrode has been fabricated and successfully used for direct 
determination of cationic surfactant, CTAB, in commercial disinfectants. It showed 
dynamic working range of 1x10' -1x10' M of CTA and capable to determine the 
C.M.C. value of CTAB. 
Due to high ion exchange capacity and adsorption behavior, the 
nanocomposite PANI-ZTP was employed as an adsorbent to study the adsorption 
thermodynamics of pesticide. Thermodynamic parameters (AH°, AG°, AS°) were 
determined and the adsorption process was found to be exothermic. The negative 
values of AG° at different temperatures were indicative of the spontaneity of the 
adsorption process. Spectrophotometric method was applied to determine Thiram at 
A,max 420 nm. A pesticide-sensitive membrane electrode was fabricated using PANI-
ZTP and was successfully applied to determine thiram in synthetic mixture with good 
recovery. 
Thus, from all the above studies it can be concluded that the prepared 
nanocomposites are promising ion exchange materials of significant analytical and 
electroanalytical utility. The most outstanding result of the present investigations is 
the sensitivity of the nanocomposites for toxic metal ions as well as surfactant and 
pesticide. 
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9.2 Suggestions for Future Work 
The effort done in this thesis will move on exploring new materials having 
dynamic properties contributing in the field of material science expanding areas of 
analytical research. The field is far wide and open and more significant applications 
can be studied like: 
••• To develop simple selective and economical "organic-inorganic" composite ion-
exchange materials using biodegradable and non-biodegradable organic materials 
like plastic, vegetable wastes, orange peel etc. 
• The radiation effect on the ion exchange capacity and conductivity of the 
composite cation exchange material. 
• Application of composite materials as gas sensors. 
• Furthermore, to study in detail, the electrically conducting composite ion-
exchange materials used as electrochemically switchable ion-exchangers for water 
treatment; especially for water softening. 
• A detailed study of catalytic activity of composite ion-exchangers for reaction of 
gases and liquids or solutes. 
• Thin layer Chromatographic separation, identification, determination of 
pharmaceuticals and related drugs in drugs formulations and biological samples. 
• Anti-corrosive properties of composites, especially polyaniline and polypyrrole 
based as they are more resistive to corrosion. 
•> The magnetic properties of different composite cation exchangers. 
• Analysis of industrial effluents for toxic ions using composite membrane 
electrode. 
• Synthesis of anion exchanger and its application in analj^ical field. 
• Determination of cations and anions present in various effluents using composite 
material by cyclic voltammetry. 
• Composite materials based on conducting polymers as electrode for energy 
storage device. 
• Organic -inorganic nanocomposites materials for application in solid state 
electrochemical supercapacitors. 
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Abstract Polypyrrole has emerged as one of the highly 
pursued conducting polymers owing to its high electrical 
conductivity and good environmental stability. In spite of 
its excellent electrical properties, the chemical and thermal 
stability and processability are not very satisfactory. The 
incorporation of a polymer material into an inorganic ion-
exchanger provides a high class of hybrid ion-exchangers 
with enhanced ion-exchange properties, high reproducibil-
ity, high stability, and good selectivity for heavy metals. 
A novel organic-inorganic composite-polypyrrole zirco-
nium titanium phosphate has been synthesized using zir-
conium titanium phosphate, which is an advanced inorganic 
ion-exchange material with the qualities listed above. The 
physicochemical properties of this composite material are 
characterized by X-ray, TGA-DTA, AAS, FTIR, SEM, and 
TEM. The ion-exchange capacity, pH titrations, elution, 
and chemical stability were determined to study ion-
exchange properties of the material. Distribution studies for 
various metal ions revealed that the nano-composite is 
highly selective for Th(IV). An ion-selective membrane 
electrode was fabricated using this material for the deter-
mination of Th(IV) ions in solutions. The analytical utility 
of this electrode was established by employing it as an 
indicator electrode in electrometric titrations. 
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Introduction 
In recent years, hybrid nano-composites have attracted 
great interest both in industry and in academia because they 
often exhibit remarkable improvement in materials prop-
erties when compared with virgin polymers. This kind of 
hybrid organic-inorganic material in which the inorganic 
part and the organic entities interact at molecular level in 
the nanoscopic domain, often presents the best properties 
of each of its components in a synergic way, offering a 
unique opportunity to prepare tailor-made new materials 
with optimal, chemical, physical, and mechanical proper-
ties [1,2]. The intrinsic multifunctional character of these 
materials makes them potentially useful in multiple fields. 
The growing interest of this subject matter has been 
reflected in two symposia organized recently by the 
Materials Research Society [3, 4]. 
Water pollution by heavy metals remains an important 
environmental issue. The increasing demand for chemical 
surveillance in environmental protection, medicine, and 
many industrial processes has created the need for sensors 
with features such as high selectivity, sensitivity, reliabil-
ity, and sturdiness. The most exciting and fastest growing 
area of research is the use of a hybrid material as an 
electroactive material embedded in a polymer binder (inert) 
for fabrication of electrometric sensor [5-16] for analytical 
purposes [ 17-21 ], especially for the determination of heavy 
toxic metals [22-27]. An electrode selective for thorium 
using zirconium phosphoborate as an electroactive material 
has been reported [28]. 
Thorium is a naturally occurring radioactive substance 
that is surprisingly as abundant as lead and 3 times more 
abundant than uranium. Working in uranium, thorium, tin, 
and phosphate mining areas or gas mantle production 
industries and living near radioactive waste disposal sites 
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may expose people to higher levels of thorium. Breathing 
high levels of thorium dust results in an increased chance 
of getting lung disease and high exposures may cause lung, 
pancreas, and blood cancer [29-32]. 
Efforts have been done to prepare Th(IV) ion-sensitive 
membrane electrode using polypyrrole zirconium titanium 
phosphate (PPZTP), which is a nano-composite cation-
exchanger that uses polypyrrole as the organic polymeric 
part and an advanced inorganic ion-exchange material zir-
conium titanium phosphate (ZTP). New mixed materials of 
the class of bimetallic tetravalent metal acid (TMA) salts 
(such as compounds containing two different cations and a 
given anion or vice versa) are interesting since they show 
improved exchange properties and selectivity for particular 
metal ions as compared to single salts [33,34]. An advanced 
and novel inorganic cation-exchanger ZTP is synthesized 
and its study on equilibrium and kinetics have been reported 
[35]. It is a sensing material used for the construction of 
novel solid-state ammonium ion-membrane sensor [36]. 
The following work summarizes the preparation, charac-
terization, and analytical utility of nano-composite PPZTP. 
Experimental 
Reagents and instruments 
The main reagents used for the synthesis of the material 
were obtained from CDH, Loba Chemie, E-merck, and 
Qualigens (India Ltd., used as received). All other reagents 
and chemicals were of analytical grade. The following 
instruments were used during present research work: A 
Fourier Transform Infra Red (FTIR) spectrophotometer 
(Perkin Elmer, USA, model Spectrum-BX); digital pH 
meter (Elico Li-10, India); X-ray diffractometer—Phillips 
(Holland), model PW 1148/89; UV/VIS spectrophotome-
ter—Elico (India), model EI 301E; a double beam atomic 
absorption spectrophotometer (GBC 902, Australia); a 
thermal analyzefV2.2A DuPont 9900; Carlo-Erba, model 
1108; a digital potentiometer (Equiptronics EQ 609, India; 
accuracy ±0.1 mV with a saturated calomel electrode as 
reference electrode; an electronic balance (digital, Sarto-
rius-210S, Japan); and an automatic temperature-con-
trolled water bath incubator shakefElcon (India) were used. 
Preparation of reagents 
0.1 M solution of titanium tetrachloride, TiCU and a 0.1 M 
solution of zirconium oxychloride, ZrOCl2-8H20 were 
prepared in demineralized water (DMW) with different 
concentrations of H2SO4 and Na2HP04. Pyrrole solutions 
were prepared in toluene at different percentage concen-
trations (v/v) and 0.1 M FeCl3 was prepared in DMW. 
Synthesis of polymer 
Synthesis of polypyrrole 
Polypyrrole samples were prepared by chemical oxidative 
polymerization [37, 38] by adding solutions of pyrrole (in 
toluene, at concentrations up to 33% by weight) dropwise 
to the 0.1 M FeCls solutions (in DMW) in different volume 
ratios at room temperature with continuous magnetic stir-
ring for 2 h. The black slurries obtained were l^ ept for 24 h. 
Synthesis of inorganic precipitate 
Synthesis of ZTP 
The method of preparation of the precipitated ZTP ion-
exchanger was very similar to that of Alberti and Con-
stantino [39], with a slight modification [40] by mixing a 
solution containing 0.1 M TiCU and 0.1 M ZrOCla-SHzO 
in H2SO4 at a flow rate of 0.5 mL min~' with the aqueous 
solution of Na2HP04 in different molarities. Constant 
stirring was maintained using a magnetic stirrer at room 
temperature (25 ± 2 °C) for 3 h. The white gel obtained 
was left for 24 h at room temperature for digestion. 
Preparation of PPZTP composite cation-exchanger 
The composite cation-exchanger was prepared by sol-gel 
mixing an organic polymer, polypyrrole, into the inorganic 
precipitate of ZTP. In this process, a 0.1 M FeCli solution 
was first added to the white inorganic gel of ZTP, which 
turned the gel color into light yellow, then the solution of 
pyrrole (in toluene) was added dropwise with constant 
stirring for 1 h. The resultant mixture turned first to green 
and then slowly into black slurries, which was kept for 24 h 
at room temperature (25 ± 2 °C). The dried products were 
immersed in 1 M HNO3 solution for 24 h to convert it in 
H"''-form. The excess, acid was removed after several 
washing with DMW. The materials were finally dried 
at 40 °C and sieved to obtain shiny black granules of 
PPZTP. The composite cation-exchanger, having a higher 
capacity (3.68 mequiv dry g~') as compared to ZTP 
(3.36 mequiv dry g"'), the PP-9 sample was selected for 
the detailed studies (Table 1). 
Ion-exchange properties of F'PZTP 
Ion-exchange capacity 
The ion-exchange capacity (I.E.C.), which is generally 
taken as a measure of the hydrogen ions liberated by 
neutral salt to flow through the composite cation-exchan-
ger, was determined by a standard column process. One 
^ Springe: 
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Table 1 Conditions of 
exchanger 
Sample 
PP-I 
PP-2 
PP-3 
PP-4 
PP-5 
PP-6 
PP-7 
PP-8 
PP-9 
PP-IO 
PP-11 
preparation and ion-exchange 
Mixing volume ratio (v/v) 
O.lMTiCU O.lMZrOClz 
in H2SO4 in H2SO4 
1(1 M) 
1(0.1 M) 
1(0,1 M) 
1(1 M) 
1(1 M) 
1(1 M) 
1(0.2 M) 
1(0.2 M) 
1(0.2 M) 
1(0.2 M) 
-
1(1 M) 
1(4 M) 
2(2 M) 
1(1 M) 
1(1 M) 
1(2 M) 
1(0.1 M) 
1(0.1 M) 
1(0.1 M) 
1(0.1 M) 
-
Na2HP04 
in DMW 
1(2 M) 
2(0.2 M) 
1(0.2 M) 
2(1 M) 
1(0.2 M) 
2(0.2 M) 
2(0.2 M) 
2(0.2 M) 
2(0.2 M) 
2(0.2 M) 
-
capacity of various sample of polypyrrole zirconium titanium phosphate composite cation-
Mixing volume ratio (v/v) 
% Pyrrole Pyrrole 0.1 M FeClj 
in toluene in toluene in DMW 
0.5 
0.1 
20 
0.6 
33 
33 
33 
33 
33 
-
33 
1 
1 
0.02 
0.3 
0.2 
0.05 
0.1 
0.08 
0.05 
-
0.05 
1 
1 
1 
2 
1 
1 
2 
2 
2 
-
2 
Appearance 
of the beads 
after drying 
Grayish granules 
Slate color granules 
Black shiny granules 
Dark brown granules 
Black granules 
Black granules 
Black shiny granules 
Black shiny granules 
Blackish purple crystal 
White granules 
Black granules 
Na"*" ion-exchange 
capacity 
(mequiv g~') 
1.02 
0.96 
2.15 
0.82 
1.28 
2.5 
3.1 
3.34 
3.68 
3.36 
0.72 
gram (1 g) of the dry cation-exchanger sample in the H"*"-
form was taken into a glass column with an internal 
diameter (i.d.) of ~ 1 cm and glass wool support at the 
bottom. The bed length was approximately 1.5 cm. Solu-
tions of 1 M alkali and alkaline earth metal nitrates were 
used to completely elute the H""" ions from the cation-
exchange column while maintaining a very slow flow rate 
(~0.5 mL min~'). The effluent was titrated against a 
standard 0.1 M NaOH solution using phenolphthalein 
indicator to determine the total numbers of ions liberated in 
the solution (I.E.C.) in mequiv g~'. 
Elution behavior and effect of eluant concentration 
The optimum concentration of the eluants for complete 
elution of H"*" ions was determined by passing a fixed 
volume (250 mL) of sodium nitrate (NaNOj) solution of 
varying concentrations through the column containing I g 
of the exchanger in the H"'"-form with minimum flow rate. 
The effluent was titrated against a standard alkali solution 
(0.1 M NaOH). The efficiency of the column was deter-
mined by eluting different 10 mL fractions of NaNOa 
solution with minimum flow rate and each fraction of 
10 mL effluent was titrated against a standard alkali solu-
tion for the H"*" ions eluted out. 
pH titration 
alkali metal chlorides and their hydroxides in different 
volume ratios, with the final volume set at 50 mL to 
maintain the ionic strength constant. The pH of the solution 
was recorded every 24 h until equilibrium was attained, 
which required about 5 days. The pH at equilibrium was 
plotted against the milliequivalents of 0H~ ions added. 
Chemical stability 
The chemical stability also plays an important role in the 
elucidation of properties of the ion-exchangers. Portions of 
250 mg of composites in H"'"-fomi were treated with 
20 mL of varying concentration of acids, bases, organic 
solvents and also in DMW for 24 h with occasional 
shaking. The supernatant liquids were analyzed for 'zir-
conium' and 'titanium" by atomic absorption spectrometer, 
while phosphorus was determined by phosphovanado 
molybdate method [42]. 
Thermal effect on ion-exchange capacity 
To study the effect of temperature on the LE.C, a 1 g sample 
of the composite cation-exchange material PP-9 in the Re-
form were heated at various temperatures in a muffle furnace 
for 1 h and the Na"*" LE.C. was determined by a column 
process after cooling them at room temperature. 
We performed pH-titration studies of PPZTP (PP-9) com-
posite cation-exchanger using the method of Topp and 
Pepper [41]. The samples (in the H"'^ -form) were placed in 
each of the several 250 mL conical flasks in 500 mg por-
tions followed by the addition of equimolar solutions of 
Thermal (TGA and DTA) studies 
Simultaneous TGA and DTA studies of the composite 
cation-exchanger (PP-9), in original form were carried out 
by an automatic thermobalance on heating the material 
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from 10 to 1000 °C at a constant rate (10 °C per minute) in 
the air atmosphere (air flow rate of 400 mL min~'). 
FTIR studies 
The FTIR spectrum of polypyrrole (PP-11), inorganic 
precipitate of ZTP (PP-10), and PPZTP (PP-9) in the ori-
ginal form (dried at 40 °C) was taken using the KBr disc 
method at room temperature. 
X-ray analysis 
The powder X-ray diffraction (XRD) pattern was obtained 
in an aluminum sample holder for PP-9 in the original form 
using a PW 1148/89 diffractometer with Cu Ka radiation. 
Transmission electron microscope studies 
Micrographs of the organic-inorganic composite material 
PPZTP were obtained by transmission electron microscopy 
to determine the particle size of composite. 
Scanning electron microscopy studies 
Micrographs of the sample of polypyrrole (PP-11), the 
inorganic precipitate of ZTP (PP-10); and the composite 
material PPZTP (PP-9) were obtained by the scanning 
electron microscope at various magnifications. 
Selectivity (sorption) studies 
The distribution behavior of metal ions plays an important 
role in the determination of the material's selectivity. In 
certain practical applications, equilibrium is most conve-
niently expressed in terms of the distribution coefficients of 
the counter ions. 
The distribution coefficient (ATj values) of various metal 
ions on PPZTP composites was determined by the batch 
method in various solvents systems. Portions of 200 mg of 
the composite cation-exchanger beads PP-9 in the H'''-form 
was put in Erlenmeyer flasks with 20 mL of different metal 
nitrate solutions in the required medium and kept for 24 h 
with continuous shaking for 6 h in a temperature-
controlled incubator shaker at 25 ± 2 °C to attain equi-
librium. The metal ion concentrations in the solution were 
determined before and after equilibrium by titrating against 
standard 0.005 M solution of EDTA [43]. In other words, 
the distribution coefficient is the measure of the fractional 
uptake of metal ions competing for H"*" ions by an ion-
exchange material and hence mathematically can be cal-
culated using the formula given as: 
/:j = [ ( / -F) /F jxV/M(mLg- ' ) (1) 
where / is the initial amount of metal ion in the aqueous 
phase, F is the final amount of metal ion in the aqueous 
phase, V is the volume of the solution (mL), and M is the 
amount of cation-exchanger (g). 
Separation factor 
For the preferential uptake of metal ion, the separation 
factor is determined in the separation of a mixture of two 
metal ions. It can be defined and calculated as: 
Separation factor (ag) ^d(A) (2) 
where K^ (A) and K^ (B) are the distribution coefficient for 
the two competing species A and B in the ion-exchange 
system. 
Preparation of PPZTP membrane 
Coetzee and Benson [8] method was employed for the 
preparation of PPZTP membrane. The electroactive mate-
rial, the PPZTP cation-exchanger was ground to a fine 
powder and was mixed thoroughly with PVC, dissolved in 
10 mL of tetrahydrofuran (THF) and finally mixed with 10 
drops of dioctylphthalate, which act as a plasticizer [44]. 
The mixing ratio of the ion-exchanger was varied with a 
fixed content of PVC in order to obtain a composition with 
the highest-performing membrane and the resulting solu-
tions were carefully poured into a glass-casting ring 
(diameter 5 mm) resting on a glass plate. These rings were 
left untouched so that the THF could evaporate slowly and 
leave thin films. Four sheets (master membranes) of dif-
ferent thicknesses (0.25, 0.30, 0.40, and 0.42 mm thick) 
were obtained. 
Characterization of membrane 
The performance of an ion-exchange membrane depends 
on its complete physicochemical properties, including 
those parameters that affect its electrochemical properties: 
porosity, water content, swelling, thickness, etc. These 
parameters were determined as described [45^7] after 
conditioning of the membrane as given below. 
Conditioning of the membrane 
The membranes were conditioned for measuring swelling 
and water content by equilibrating with 1 M sodium 
chloride; about 1 mL of sodium acetate was also added to 
adjust the pH to be in the range of 5-6.5 (to neutralize the 
excess acid present in the film). 
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Water content (% total wet weight) 
The conditioned membranes were first soalced in water to 
elute diffusible salts, blotted quickly with Whatman filter 
paper to remove surface moisture, and immediately 
weighed. These were further dried to a constant weight in 
vacuum over P2O5 for 24 h. The water content (% total wet 
weight) was calculated as: 
% Total wet weight = % Total wet weight 
W^-Wi 
W^ 
X 100 (3) 
where W^ = weight of the dry membrane and W^ — 
weight of the soaked/wet membrane. 
Porosity 
The porosity («) was determined as the volume of water 
incorporated in the cavities per unit membrane volume 
from the water content data: 
ALp^ (4) 
where W^ = weight of the soaked/wet membrane, W^ — 
weight of the dry membrane, A = area of the membrane, 
L = thickness of the membrane, and p„ — density of 
water. 
Thickness and swelling 
The thickness of the membrane was measured by taking the 
average thickness of the membrane by using screw gauze. 
The swelling is measured as the difference between the 
average thicknesses of the membrane equilibrated with 
1 M NaCl for 24 h and the dry membrane. 
Fabrication of ion-selective membrane electrode 
The membrane sheet (M-2) of 0.25 mm of PPZTP thick-
ness, as obtained by the above procedure, was cut in the 
shape of a disc and mounted at the lower end of a Pyrex 
glass tube (o.d. 0.8 cm, i.d. 0.6) with PVC. Finally, the 
assembly was allowed to dry in air for 24 h. The glass tube 
was filled with 0.1 M thorium nitrate, Th(N03)4 solution. 
A saturated calomel electrode was inserted in the tube for 
electrical contact and another saturated calomel electrode 
was used as an external reference electrode. The whole 
arrangement can be shown as: 
Internal Internal Membrane Sample External 
reference electrolyte solution reference 
electrode 0,1 Th'*'^  electrode 
(SCE) (SCE) 
The lower detection limit, electrode response curve, 
response time, and working pH range were evaluated to 
study the characteristics of the electrode. 
Electrode response or membrane potential 
The response of the electrode in terms of the electrode 
potential (at 25 ± 2 °C), corresponding to the concentra-
tion of a series of standard solutions of Th(N03)4 (10"'°-
10-' M), was determined at a constant ionic strength as 
described by lUPAC Commission for Analytical Nomen-
clature [48]. Potential measurements of the membrane 
electrode were plotted against the selected concentrations 
of the respective ions in an aqueous medium using the 
electrode assembly. The calibration graphs were plotted 3 
times to check the reproducibility of the system. 
Effect ofpH 
A series of pH solutions ranging from 1 to 13 were pre-
pared at constant ionic concentration, i.e., 1 x 10"^ M. 
The pH variations were brought about by the addition of 
dilute acid (HCl) and alkali (NaOH) solution. The value of 
electrode potential at each pH was recorded and plotted 
against the pH. 
Dynamic response time of the electrode 
In order to measure the response time of the prepared 
electrode, the potential of a Th'*"'" solution was recorded as 
a function of time by a stepwise change of the metal ion 
concentration from 1 x lO""^  M up to 1 x 10~' M. The 
potential was read at 0 s just after dipping of the electrode 
in the second solution, and subsequently recorded at 
intervals of 5 s. 
Selectivity coefficient of interfering cations 
The selectivity of the electrode towards thorium ions over 
some mono-, di-, and trivalent ions was tested using a 
mixed solution method [49]. A specified amount of the 
interfering (M""*") ions (1 X 10"^ M) were added to vary-
ing concentrations (1 X 10""'-1 X 10"^ M) of the primary 
ion (here Th'*'*^ ) and the potential was recorded. 
Stability of the electrode 
In order to assess the electrode lifetime, the slope of the 
potential versus concentration over the concentration range 
of 1 X 10"^ M up to 1 X 10"' M of thorium ions was 
measured each week over a period of 6 weeks while the 
electrode was in continuous use. 
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Analytical application of the electrode 
The analytical utility of this membrane electrode has been 
established by employing it as an indicator electrode in the 
potentiometric titration of a 0.01 M Th(N03)4 solution 
against an EDTA solution. Potential values are plotted 
against the volume of EDTA used. 
Results and discussion 
In this study a novel organic-inorganic nano-composite 
cation-exchange material is introduced to the field of 
hybrid composites by the incorporation of organic polymer 
polypyrrole into the matrix of inorganic ZTP using a sol-
gel mixing method. The ion-exchange behavior of crys-
talline ZTP has been already studied [50, 51], but its hybrid 
composites are not yet reported, so efforts have been made 
done to prepare and study the analytical utility this hybrid 
organic-inorganic composite material. The composite 
PPZTP is used as an electroactive material as it is made up 
of the conducting polymer polypyrrole formed by oxidative 
polymerization [52] of pyrrole. The binding of polymer 
into the inorganic matrix can be explained in Scheme 1. 
Among the various samples prepared, the composite 
cation-exchanger PPZTP (PP-9) possessed a better Na"^  
exchange capacity (3.68 mequiv g~') as compared to the 
inorganic ion-exchanger ZTP (3.36 mequiv g~'), as evi-
dent from Table 1. Thus, it was selected for further studies. 
The effect of the size and charge of the exchanging ion 
on the I.E.C. was also observed for this material. The alkali 
metals show a decreasing trend for the I.E.C. (K"''> 
Na > Li"*") while the alkaline earth metal ions follow the 
order Ba '^^ > Sr^ "''>Ca^"''> Mg^ "*". The size and charge of 
the exchanging ions affect the I.E.C. of exchanger. This 
sequence is in accordance with the hydrated radii of the 
exchanging ions (Table 2). Ions with the smaller hydrated 
radii easily enter the pores of the exchanger, which results 
in higher adsorption. 
The column elution experiments indicated the concen-
tration of the eluents depends on the rate of elution. It is 
evident from the Fig. 1 that the minimum molar concen-
tration of NaNOj was 1.4 M for PP-9 for the maximum 
elution of H"*" ions from 1 g of the cation-exchanger. This 
elution behavior indicates that the exchange is quite fast as 
only 190 mL of sodium nitrate solution (1.4 M) is enough 
to release all the exchangeable H^ from 1 g of PPZTP 
sample (Fig. 2). 
The pH-titration curves for nano-composite sample PP-9 
was obtained under equilibrium conditions with NaOH/ 
NaCl, KOH/KCl, and LiOH/LiCl. These systems indicated 
bifunctional behavior of the material. The nano-composite 
material PPZTP appears to be a strong cation exchanger, as 
indicated by the low pH value, 2.63 of the solution when no 
0H~ ions were added to the system as evident from Fig. 3. 
The rate of H"''-Na"'" exchange was faster than the H"'"-Li"'" 
and H"'^ -K^ exchanges 
It was observed that PP-9 has reasonably good stability 
in different chemicals. The PPZTP composite was resistant 
to 2.0 M H2SO4, 2.5 M HNO3, 2.0 M HCl, only slight 
decomposition of phosphate group was observed. Chemical 
dissolution was very feeble in DMW, alkaline media, and 
organic solvents. The results are summarized in Table 3. 
The chemical stability may be due to the presence of the 
binding polymer, which can prevent the dissolution of 
heteropolyacids sols or leaching of any constituent element 
into the solution. 
The material was found to possess good thermal sta-
bility. The weight loss starts at 100 °C but, with respect to 
the I.E.C. and appearance, the material was found stable up 
to 150 °C and it retained about 49% of its I.E.C. and 70% 
of its initial mass without any change in color or physical 
appearance till 250 °C (Table 4). This relative stability 
might be due to the loss of external water molecules and 
condensation of material. Above 250 °C, the color of the 
material starts changing with loss of mass, which indicates 
the decomposition of materials. These results also support 
the TGA studies. 
The TGA curve (Fig. 4) of the nano-composite PPZTP 
shows that until 100 °C, only 9% weight loss was 
observed, which may be due to the removal of external 
H2O molecules present at the surface of the composite 
materials [53]. A steep weight loss (12%) in the PPZTP 
composite was observed between 100 and 250 °C due to 
conversion of inorganic phosphate into pyrophosphate. 
Further slow weight loss of about 8% mass between 250 
and 750 °C, in the PPZTP composite may be due to the 
slight decomposition of organic material. From 750 °C 
onwards, a smooth horizontal line represents the complete 
formation of the oxide form of the material. A broad peak 
near 250 °C in the DTA curve shows that reaction was 
exothermic during the change of phase of the material. 
The FTIR spectrum of polypyrrole, ZTP, and PPZTP are 
shown in Fig. 5. The FTIR spectrum of the nano-composite 
PP-9 (Fig. 5c) indicates the presence of extra water mol-
ecules in addition to the -OH groups and metal oxides 
present internally in the material. A strong broad band 
around 3400 cm~' could be attributed to the -OH 
stretching frequency. A sharp peak at 1700 cm~ can be 
ascribed to the H-O-H bending band, which shows inter-
stitial water present in the composite material. The 
assembly of peaks in the region of 950-1100 cm~' is due 
to the presence of an ionic phosphate group [54] and peaks 
at 800 cm~' are attributed to M-0 bonding. The stretching 
vibration of C-N observed at 1350 cm~' indicates that the 
material contains a considerable amount of pyrrole [55]. 
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Scheme 1 Polypyrrole 
zirconium titanium phosphate. 
a Formation of radical cation of 
pyrrole, b coupling of radical 
cations, c formation of dimer, 
d chain propagation, e polymer 
oxidation, f hybrid composite 
formation. A stands for ZTP 
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Table 2 Ion-exchange capacity of various exchanging ions on 
PPZTP composite cation exchanger 
Exchanging 
metal ions 
Na"^  
K+ 
Li+ 
Mg^^ 
Ca^+ 
Sr^+ 
Ba^+ 
pH of the 
metal 
solution 
6.30 
6.2 
6.9 
6.0 
6.5 
6.3 
6.2 
Ionic 
radii 
(A) 
0.97 
1.33 
0.68 
0.78 
1.06 
1.27 
1.43 
Hydrated 
ionic 
(A) 
2.76 
2.32 
3.40 
7.00 
6.30 
-
5.90 
radii 
Ion-exchange 
capacity 
(mequiv g~') 
3.68 
3.52 
3.04 
3.51 
4.04 
5.38 
5.76 
£ 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.1 
Concentration of NaN03 
Fig. 1 Effect of eluant concentration on ion-exchange capacity of 
polypyrrole zirconium titanium phosphate cation exchanger 
10 30 50 70 90 110 130 150 170 190 210 
Volume of effluent (ml) 
Fig. 2 Elution behavior of polypyrrole zirconium titanium phosphate 
cation exchanger 
t ^ J ^ ^ 
-^laOH-^4aCl 
-KOH-KCI 
-L iOH-LiCI 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 
m moles of 0H~ Ions added 
Fig. 3 pH-titration curves for polypyrrole zirconium titanium phos-
phate cation-exchanger 
Table 3 Chemical stabiliti of PPZTP in various solvents 
Solvent used (20 mL) 
DMW 
1 MHCl 
1.5 M HCl 
2.0 M HCl 
1 M HNOj 
1.5 M HNO3 
2.0 M HNO3 
2.5 M HNO3 
1 M H:S04 
1.5 M H2SO4 
2.0 M H2SO4 
0.1 M NaOH 
0.1 M KOH 
10% Acetone 
10% Butanol 
10% Dimethylsulphoxide 
Amount dissolved (mg/20 mL) 
Zr(IV) 
0.00 
0.04 
0.29 
1.08 
0.06 
0.23 
1.01 
1.37 
0.10 
0.66 
1.05 
0.03 
0.05 
0.00 
0.02 
0.05 
Ti(IV) 
0.00 
0.03 
0.18 
0.81 
0.09 
0.56 
0.92 
1.19 
0.07 
0.42 
0.98 
0.00 
0.02 
0.00 
0.00 
0.04 
Phosphorus 
0.00 
0.152 
0.48 
1.05 
0.74 
1.08 
1.21 
1.72 
0.67 
1.26 
1.61 
0.21 
0.38 
0.08 
0.12 
0.42 
These characteristic stretching frequencies show close 
resemblance to ZTP (Fig. 5b) and PPZTP (Fig. 5c), which 
indicates the binding of the inorganic precipitate with the 
organic polymer and also shows the formation of an 
'organic-inorganic' composite. 
The X-ray diffraction pattern of the cation-exchanger 
(PP-9 as prepared) was recorded in a powdered sample 
exhibited very sharp pieaks in the spectrum (Fig. 6) that 
suggest a semi-crystalline nature of the composite material. 
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Table 4 Thermal stability of 
PPZTP composite cation-
exchanger after heating at 
various temperature 
Fig. 4 Simultaneous TGA-
DTA curves of polypyrrole 
zirconium titanium phosphate 
(as prepared) 
Heating 
temperature 
CO 
Appearance 
(color) 
% Weight Na"*" ion-exchange % Retention 
loss capacity (mequiv g~') of I.E.C. 
50 
100 
150 
200 
250 
300 
350 
400 
500 
600 
650 
Black 
Black 
Black 
Black 
Grayish black 
Grayish black 
Grayish black 
Grayish black 
Buff color 
Dirty white color 
White 
-
04 
08 
10 
35 
55 
58 
62 
65 
70 
74 
3.68 
3.68 
3.1 
2.7 
1.8 
1.51 
0.08 
0.39 
0.08 
0 
C 
100 
100 
84.23 
73.36 
48.91 
41.03 
24.34 
10.59 
2.14 
0 
0 
120.00 
110.00 
100.00 
f5 
90.00 
• 80.00 
— 70.00 
0.200 
0.000 
-0.200 
-0.400 
.0.600 
-0.800 
-1.000 
c 
E 
o> 
E 
<J) 
H 
Q 
100 200 300 400 000 (00 7«0 800 900 
Temp''c 
From TEM micrographs the particle sizes of PPZTP 
observed are 31, 42, and 60 nm (Fig. 7) which proves that 
the proposed cation-exchanger is a nano-composite since 
the particle sizes are in nano-range. 
The SEM images of polypyrrole, inorganic precipitate 
ZTP, and PPZTP (PP-9) at different magnifications are 
shown in Fig. 8. The SEM image shows the difference in 
the surface morphology after incorporation of the organic 
polymer into the inorganic ZTP, which indicates the 
binding of the inorganic ion-exchange material to the 
organic polymer (polypyrrole) and the formation of a 
composite material was observed. 
In order to explore the selectivity potential of the 
composite material PP-9, distribution studies (A'd) for 17 
metal ions were performed in 15 solvent systems. It was 
observed from the data given in Table 5 that the ATj-values 
vary with the nature of the contacting solvents. It was also 
observed from the soqition studies (^d values) that Th"^ 
was strongly adsorbed on the surface of ion-exchange 
material PPZTP while the remaining metal ions are poorly 
adsorbed. 
Some factors that affect the distribution coefficient of 
cations are the charge, size, swellings, formation of com-
plexes, nature of the chemical bond, solvent distribution, 
and nature of the ion sxchanger. Three main factors that 
affect the ability of an ion to compete effectively with one 
another are the charge on the ion, its ionic radius and the 
hydrated energy of th(j competing ion. For an ion to be 
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Fig. 5 FTIR spectra of as prepared polypyrrole (a), zirconium 
titanium phosphate (b), and polypyrrole zirconium titanium phosphate 
(f) nano-composite cation exchanger 
Fig. 7 Transmission election microphotographs (TEM) of polypyr-
role zirconium titanium phnsphate showing different particle size 
become a competitor. Therefore, the charge on the ion is a 
very important factor. Below, a pictorial representation of 
the adsorption and regeneration process is shown: 
1100 
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Fig. 6 Powder X-ray diffraction pattern of polypyrrole zirconium 
titanium phosphate nano-composite (as prepared) 
effective in a competition reaction its charge and hydration 
energy must be high and its radius should be small. The 
radius of Th'*"'" is 0.9 A which is less than some metal ions 
and is about that of Na"*". Some metals like Sr^ "*" have lower 
radius values but their hydration energies are quite low. A 
few heavy metals like Al''"'' and Cr^ "*" have high hydration 
radius values but the charge on their ions is less than that of 
Th"*^ , so they should be at a much higher concentration to 
+ 
PPZTP (H" form) Th adsorbed PPZTP 
Adsorption process 
+ 4if ^ 
Th adsorbed PPZTP PPZTP (H* form) 
Regeneration process 
The small hydrated radii of Th(IV) (2-2.45 A) may be 
attracted easily by co-ions (phosphates and amines) present 
in the matrix of the material. Thus, this study showed that 
the composite PPZTP has maximum selectivity for Th(IV) 
and can be utilized for the determination and separation of 
Th(IV) from waste effluents. 
The separation facior is the preference of the ion-
exchangers for one of the two counter ion species. If the 
ion A is preferred, the factor is larger than unity, and if B is 
preferred, the factor is smaller than unity. The numerical 
value of the separation factor is not affected by the choice 
of the concentration units and it shows that the sample is 
highly preferential and selective for Th(IV) (Table 6). 
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Fig. 8 Scanning electron 
microphotographs (SEM) of 
chemically prepared 
a polypyrrole at the 
magnification of 3500x, 
b zirconium titanium phosphate 
at the magnification of 3500 x, 
and c polypyrrole zirconium 
titanium phosphate composite 
system at the magnification of 
3500X 
A number of samples of the PPZTP nano-composite 
membranes were prepared with different amounts of 
composites and a fixed amount of PVC and were checked 
for the mechanical stability, surface uniformity, materials 
distribution, cracks and thickness, etc. Characterization of 
the membrane is important before its use as an ion-selec-
tive electrode. Thus, some properties like swelling, thick-
ness, porosity, and water content capacities were 
determined (Table 7). 
The PPZTP composite membrane sample M-2 (thick-
ness 0.25 mm) was selected for making of ion-selective 
electrode. The low order of water content, the swelling, 
porosity, and lesser thickness of these membranes suggest 
that interstices are negligible and diffusion across the 
membranes would occur mainly through the exchanger 
sites. The sensitivity and selectivity of the ion-selective 
electrode depend upon the nature of the electroactive 
material. When a membrane of such materials is placed 
between two electrolyte solutions of the same nature, at the 
same pressure and temperature, but at different concen-
trations, some ions (to which the membrane is selective) 
pass from the solution of higher concentration through the 
membrane to that of lower concentration, thus producing 
an electrical potential difference. This membrane potential 
can be used for electroanalytical studies. 
The potentiometric response of the PPZTP membrane 
electrode (M-2) over a wide concentration range (1 x 
10~'-1 X 10"'" M) is shown in Fig. 9. The electrode 
showed a linear Nernstian response in the range of 1 x 
10"'-1 X 10~^ M with an average slope of 16.65 mV per 
decade change of activity. The limit of detection, was 
determined from thi3 intersection of the two extrapolated 
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Table 9 The selectivity coefficient of various interfering cations for 
Th''''"-selective PPZTP membrane electrode 
15 30 50 65 80 95 110 125 140 155 170 185 200 
Time (sec) 
Fig. 11 Dynamic response time of PPZTP electrode for different 
Th'*+ concentration: {k) 1 x ID"'' M, (B) 1 x 10"^ M, (Q 1 x IQ-' 
M,(D)1 X IQ-^M.CE)! X IQ-^ 'M, ( f ) l x 10'^M,(C)1 x 10"' 
M 
Table 8 The stability of the Th^^-selective PPZTP membrane 
electrode 
Week Slope (mV decade ') DL(M) 
First 
Second 
Third 
Fourth 
Fifth 
Sixth 
16.65 ± 0.3 
16.4 ± 0.5 
16 ± 0.3 
15.7 ± 0.4 
15.3 ± 0.2 
15,1 ±0.3 
1 X IQ-' 
9.2 X 10^'' 
7,5 X 10"" 
6.7 X IQ-" 
6.1 X lO"" 
5.4 X IQ-" 
Interfering 
ion (M''+' 
Na+ 
Pb^+ 
Ca^+ 
Al'+ 
Sr^+ 
Mn-+ 
Fe'+ 
Ni2+ 
Cd'+ 
> 
E 
500 
480 
460-
440 
r^ ° 
o 
a 
o 
•n 
o 
L. 
+^ 
u 
UJ 
time period of 6 weeks. This suggests a longer life, quick 
response, and stable electrode performance. 
Potentiometric selectivity coefficients describing the 
membrane preference towards an interfering ion were 
determined by a mixed solution method (FIM) [58].The 
resulting values are given in Table 9; they indicate the 
extent to which a foreign ion interferes with the response of 
the electrode towards its primary ion (Th'*"'"). The bivalent 
metal ions like Pb(II), Cu(II), Ni(II), Cd(II) interfere to 
small extent, as shown in Fig. 12. For the diverse set of 
ions used, the selectivity coefficients are on the order of 
4.7 X 10~^ or smaller, indicating that they would not 1 
significantly interfere with the Th''''"-selective electrode 
function. Therefore, the proposed PPZTP material interacts 
relatively strongly with Th(IV) ions and can be success-
fully used as a sensing agent. 
Table 10 compares the detection limit, linear range, pH 
range, and response time of the proposed sensor with the 
previously reported thorium electrodes [28, 59-63]. The 
results clearly indicated the superiority of the proposed 
400 
380 
360 
340 
320 
300 
10 
Selectivity coefficients 
(^MSM) 
4.5 X 10"^ 
4.5 X 10-' 
2.5 X 10"-
8 X 10"^ 
8 X 10"^ 
2.5 X 10"^ 
I X 10"' 
4.7 X 10"^ 
4.7 X 10"' 
1 X IQ - ' 
8 X 10"^ 
4.7 X 10"^ 
log Th 
5 4 
4+ 
Fig. 12 Selectivity coefficient curve of various interfering ions for 
Th(IV)-selective PPZTF membrane electrode 
electrode in terms of linear range, pH range, and detection 
imit. 
Owing to the good selectivity of the Th'''^-selective 
electrode it has been employed as an indicator electrode for 
the selective titration of a Th(N03)4 solution against an 
EDTA solution. The £ ddition of EDTA causes a decrease in 
potential as a result cf the decrease in free metal ion con-
centration due to its complexation with EDTA (Fig. 13). 
The amount of Th(I\') ion in solution can be accurately 
determined from the resulting neat titration curve which 
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Table 10 Comparison of the 
selectivity coefficient of the best 
Th''^ sensors with the proposed 
sensor 
Reference Detection limit (M) Linear range (M) Ftesponse time (s) pH range 
|59| 
|60| 
|6I | 
1621 
1281 
1631 
This work 
1.4 X 10"'' 
6.3 X 10"' 
7.9 X 10"'' 
8.0 X 10"' 
5 X 10"-' 
1,6 X 10"" 
1.0 X 10"' 
1.0 X 10"'-8.0 X 10"" 
1.0 X 10"--1.0 X 10"'' 
1.0 X 10"^-1.0 X 10"'' 
1.0 X 10"'-1.0 X 10"" 
1.0 X lO-'-l.O X lO""* 
1.0 X 10"'-5.0 X 10"" 
1.0 X 10"'-1.0 X 10"' 
15 
30 
15 
iO 
10 
30 
15 
2.5-9.0 
3.0-9.0 
2.3-4.0 
3.5-9.5 
3-5 
3-5 
4.0-9.0 
540 
3 4 5 6 7 8 9 
Volume of EDTA (ml) 
Fig. 13 Potentiometric titration of Th(IV) against EDTA solution 
using PPZTP membrane sensor as an indicator electrode 
provides a sharp equivalence point. This study established 
the practical and analytical utility of the proposed com-
posite cation-exchanger membrane electrode. 
Conclusion 
In this piece of work, a thorium selective nano-composite 
cation-exchanger PPZTP synthesized by using an advanced 
inorganic ZTP, shows good I.E.C. (3.68) as compared to 
ZTP (3.36). TEM study proved the material as nano-
composite. This composite material acts as an electroactive 
component for the preparation of ion-selective membrane 
electrode for the determination of Th(IV) ions in the 
working concentration range 10~'-10~^ M with a pH 
range of 4.0-9.0 and a response time ~15 s. It showed 
good reproducibility, detection limit, lifetime of 6 weeks, 
and high selectivity for Th(IV) ions in the presence of 
different cations. The practical utility can be determined by 
using this electrode as a potentiometric sensor for the 
titration of thorium ions. 
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An effort has been done to compare the ion-exchange properties of 
PAZTP with other polyaniline based organic-inorganic hybrid com-
posites prepared so far [40-44J. 
2. Experimental 
2.1. Reagents and instruments 
The main reagents used for the synthesis of the material were 
obtained from CDH, Loba Chemie. E-merck and Qualigens (India Ltd., 
used as received). All other reagents and chemicals were of analytical 
grade. The following instruments were used during the present 
research work: A FHR spectrophotometer (Perkin Elmer. UJSA model 
Spectrum-BX); digiul pH-meter (Elico Li-IO. India): Rigaku X-ray 
diffractometer — Phillips (Holland), model PW 1148/89; UVA/IS 
spectrophotometer — Elico (India), model EI 301E: a double beam 
atomic absorption spectrophotometer (CBC 902, Australia); a thermal 
analyzer - V2.2A DuPont 9900; Carlo-Erba. model 1108; a digital 
potentiometer (Equiptronics EQ609. India; accuracy ±0.1 mV with a 
saturated calomel electrode as reference electrode; an electronic 
balance (digital, Sartorius-210S. Japan) and an automatic tempera-
ture controlled water bath incubator shaker — Eicon (India). 
22. Synthesis of composite cation-exchanger polyaniline zirconium 
titanium phosphate (PAZTP) 
The composite cation-exchanger was prepared by sol-gel mixing 
of polyaniline (an organic polymer) into the inorganic precipitate of 
zirconium titanium phosphate (ZTP) with varying mixing ratio as 
indicated in Table 1. The preparation method for the inorganic 
precipiute of zirconium titanium phosphate (ZTP) was very similar to 
that of Alberti and Constantino [45]. with slight modification [46]. 
Dark green color polyaniline gel was prepared by oxidative coupling 
using ammonium persulphate in an acidic aqueous medium. The 
precipiute of polyaniline was added into the white inorganic gel of 
ZTP with a consUnt stirring. Black colored precipiute obuined was 
allowed to settle overnight and then filtered off and washed 
thoroughly with DMW to remove excess acid and any adhering ions 
(chloride and sulphate). The washed gel was dried over P40ro at 30 'C 
in an ovea The dried product was immersed in a 1 M HNO3 solution 
for complete replacement of counter ions by the H ^  form. The excess 
acid was removed after several washing with DMW then dried at 
40 °C and sieved to obuin shiny black granules of PAZTP. On the basis 
of the Na+ exchange capacity (LLC) and yield percentage, sample PA-
7 was selected for further studies. 
2.3. Ion-exchange properties of polyaniline zirconium titanium 
phosphate (PAZTP) 
2.3.1. Ion-exchange capacity 
1 M alkali and alkaline earth meul nitrates were used as eluants to 
elute die H" ions completely from one gram (1 g) of the diy cation-
exchanger by the column method. mainUining a veiy slow flow rate 
(-0.5 ml min~'). The effluent was titrated against a sUndard (0.1 M) 
NaOH solution for the total ions liberated in the solution 
using phenolphthalein as indicator and the LLC. (meq g~') values were 
noted. 
2.32. Elution behavior and effect ofeluant concentration 
The optimum concentration of the eluants for the complete elution 
of the H-^  ions was determined by passing a fixed volume (250 ml) of 
sodium nitrate (NaNOs) solution of varying concentrations through 
the column conuining 1 g of the exchanger in the H+ form with a 
minimum flow rate. The effluent was titrated against a sUndard alkali 
solution (0.1 M NaOH). The efficiency of the column was determined 
by eluting different 10 ml fractions of NaNOs solution with a 
minimum flow rate and each fradion of 10 ml effluent was titrated 
against a sUndard alkali solution for the H^ ions eluted out 
2.3.3. pH Titration 
The Topp and Pepper m&hod 147] was employed for pH titration 
studies of PAZTP (PA-7) in equimolar solutions of alkali meUl chlorides 
and their hydroxides. 500 mg portions of the sample in theH"^ form was 
treated with 50 ml of the solution concerned. The pH of the solution was 
recorded every 24 h until equilibrium was atuined. 
2A Chemical stability and thermal stability 
The chemical subility also plays an important role in the 
elucidation of properties of the ion-exchangers. Portions of 250 mg 
of composites in the H+ form were treated with 20 ml of varying 
concentration of acids, bases, organic solvents and also in DMW for 
24 h with occasional shaking. 
To study the effect of temperature on the LLC. 1 g material (PA-7) 
in the H^ form was heated at various temperatures in a muffle furnace 
for 1 h and the Na" ion-exchange capacity was determined by the 
column process after cooling them at room temperature, 
2.5. Chemical composition 
To determine the chemical composition of polyaniline zirconium 
tiUnium phosphate (PAZTP), 200 mg of the sample was dissolved 
in 20 ml of concentrate H2SO4. The material was analyzed for 
Table 1 
Conditions of the preparation and the ion-exchange capacity of various samples of the FAZTP composite cation-exchanger. 
Sample Mixing volume ratio (v/v) Mixing volume ratio (v/v) Volume ratio (v/v) /Appearance of the beads after drying Na^ ion-exchange 
capacity (meq/gm) 
PA-1 
PA-2 
PA-3 
PA-4 
PA-S 
PA-6 
PA-7 
PA-8 
PA-9 
PA-10 
PA-n 
PA-t2 
PA-13 
TiCL, in 
H2SO4 
1(1 M) 
r(0,T M) 
1(0.1 M) 
HiM) 
1(1 M) 
1(1 M) 
1(0.2 M) 
1(0.2 M) 
1(0.1 M) 
1(0.1 M) 
1(0.2 M) 
1(0.2 M) 
-
ZrOCIjin 
H2S0^ 
1(1 M) 
1(4 M) 
1(2M) 
1(1 M) 
KIM) 
1(2 M) 
1(0.1 M) 
1(0.1 M) 
!(0.l M) 
1(0.1 M) 
1(0.1 M) 
1(0.1 M) 
-
5old signifies the selected sample, on 
Na2HP04 in 
DMW 
1(2M) 
2(1 M) 
2(0.2 M) 
2(1 M) 
1(2 M) 
2.5(2 M) 
2(0.2 M) 
2(.2M) 
2(0.2 M) 
2(1 M) 
2(0,2 M) 
2(0.2 M) 
-
lie basis of high 
% Aniline in 
I MHO 
03 
02 
1 
012 
1 
5 
OS 
I 
1 
0.1 
03 
-
0.5 
Aniline in 0. 
I M H a in 
1 1 
2 I 
1 2 
1 1 
1 1 
1 1 
1 2 
0.25 2 
I 2 
1 1 
1 1 
-
1 1 
M (NH4)2S208 
IMHQ 
on exchange capacity, for carrying out further 
Black shmy granules 
Black shiny grinules 
Dark blackish purple granules 
Greenish granules 
Dull purple crystal 
Greenish granules 
Black duny (Emmies 
Black shiny granules 
Blackish purple crystal 
Dark green crystal 
Greenish granules 
White granules 
Dark green jjranules 
experimental studies mentioned in the manuscript 
3.7 
1.12 
1.6 
0,72 
0.72 
0.512 
4S2 
4.2 
3 
2.8 
2.5 
3.36 
0.20 
244 AA Khan. L Paquiza I Desalination 265 (2011) 242-254 
zirconium and titanium by ICP-MS and phosphate by the phospho-
vanado moiybdate method. Carbon, hydrogen and nitrogen 
contents of the cation-exchanger were determined by elemental 
analysis. 
2.6. Characterization of hybrid composite material 
The nature, particle size, morphology, thermal stability and the 
functional groups present in the prepared composite material have 
been characterized by using TEM, SEM, XRD, FTIR and TCA-DTA 
techniques. 
2.7. Selectivity (sorption) studies 
The distribution behavior of metal ions plays an important role in 
the determination of the material's selectivity. In certain practical 
applications, equilibrium is most conveniently expressed in terms of 
the distribution coefficients of the counter ions. 
The determination of metal ions before and after equilibrium was 
carried out volumetrically using EDTA as titrant [48]. 200 mg of the 
dry exchanger in the H^ form were equilibrated with 20 ml of 
different metal ion solutions in the required medium and kept for 24 h 
with intermittent shaking. The initial metal ion concentration 
(0.01 M) was so adjusted that it did not exceed 3% of the total ion-
exchange capacity of the material. 
The distribution coefficient (K^) values were calculated by using 
the formula given below: 
Ka = [(l-F)/F]xV/M (ml g'j (1) 
where / is the initial amount of metal ion in the aqueous phase. 
F is the final amount of metal ion in the aqueous phase, V is the 
volume of the solution (ml) and M is the amount of the cation-
exchanger (g). 
2.8. Analytical application of the nano-composite PAZTP 
2.8.L Quantitative separation of metal ions in binary and ternary 
synthetic mixtures 
Important quantitative binary and ternary separations of metal 
ions were achieved on the PAZTP columns (height 35 cm, i.d. 0.6 cm) 
containing 2.0 g of the exchanger in the protonated form. The column 
was washed thoroughly with demineralized water (DMW), then 
loaded with metal ion mixture having an initial concentration 0.01 M 
of each and was allowed to pass gently ( 2-3 drops/min). After 
recycling two to three times, to ensure complete adsorption of the 
mixture on the exchanger beads, the separation was achieved by 
passing a suitable solvent The effluent was collected in 10 ml 
fractions at a flow rate of 7-8 ml/min. The metal ions in the effluent 
were determined titrimetrically using a 0.01 M solution of disodium 
salt of EDTA. 
2.82. Selective separation 
Selective separation of Hg(ll) and Pb(ll) from the synthetic 
mixture containing Cu(ll), Cd(ll), Sr(ll). Mn(ll)) and other metal 
ions was achieved on the PAZTP columa The amount of the Hg(ll) 
ions in the mixture was varied while keeping the amounts of the other 
metal ions constant in the synthetic mixture. The rest of the procedure 
remains the same as discussed above. 
2.8.3. Separation factor 
For the preferential uptake of the metal ion, the separation factor is 
determined in the separation of a mixture of two metal ions. It can be 
defined and calculated as 
Separation factor (ag) = T^  U3_ 
m 
(2) 
where Kd (A) and Kd (B) are the distribution coefficient for the two 
competing species A and B in the ion-exchange system. 
3. Results and discussioa 
The inorganic material zirconium titanium phosphate is a mixed material of the class of tetravalent bimetallic acid salts containing two 
cations and an anion with improved ion-exchange properties and selectivity as compared to single salts [49,50]. Literature survey shows 
that extensive work has been carried out on zirconium and titanium phosphates and their oxides [51-56]. The ion-exchange behavior of 
crystalline ZTP has been already studied [57-60], but its hybrid composites are not yet reported. &3, effort has been done to synthesized the 
•polymeric-inorganic" composite by using this advanced class of inorganic ion-exchanger, which provided an extraordinary Na^ exchange 
capacity (4.52 meq g~') (Table 1} as compared to other polyaniline composites containing tetravalent metal acid salt reported so far (Table 2). 
It was also noticed that the Na^ ion-exchange capacity of the composite material is higher as compared to inorganic ion-exchanger ZTP 
(3.36 meq dry g" ' ) . 
Polyaniline can be easily synthesized either chemically or electrochemically from acidic aqueous solutions. In this study, polyaniline gel was 
prepared by oxidative coupling using (NH4)2S20g in an acidic aqueous medium as given below [61 j : 
H2O, 0-2'C, 1 hr 
NHJCI + 5n(NH4)2S208 • 
(exothemilc) 
aniline hydrochloride ammonium persulfate 
. ^ ^ 
; / ^ v ^ 
H H 
+ 2n HCl -t 5n H2SO4 + 5n (NH4)2S04 
Polyaniline (R is the extended polymer chain) 
(PANI) 
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Table 2 
PANI based hybrid ion-exchangers prepared so far. 
Ion-exchange materials Keagents Mixing ratio IEC(nieqg ') References 
Polyaniline zirconium titanium phosphate (PAZTP) 
Polyaniline Sn((V) tungstoarsenate (PASnWAr) 
Polyaniline Sn(IV) tungstace (PASnW) 
Polyaniline Sn(IV) arsenate (PASnAr) 
Polyaniline Sn(IV) arsenophosphate (PASnArP) 
Polyaniline Zr(IV) tungstophosphate (PAZrVVP) 
Polyaniline Sn(IV) phosphate 
Polyaniline Ce(IV) molybdate 
0.2MTia<-^0.1MZrOO2inH2S0<-l-0.2MNa2HPO4-('0.5%aniline-l- 1:1:2 1:2 4.52 
0.1 M (m^hSfii 
O.I MSna4-t-af MSodiumtungstate-t-O.lMSodiumarsenate-t- 1:1:11:1 1.67 
10% aniline-t-0.1 MKjS A 
0.1MSna4-l-0.1MSodiumtungstate-)-10%aniline4-0.1 MK2S2O8 1:1:11 0.75 
0.1 MSna4 +0.1 M Sodium arsenate-H0% aniline-1-0,1 MK2S2OS 1:1:1:1 0.87 
0.IMSna4-(-0.1Msodiumarsenate-(-0.1MHjPO4-(-10*aniline-(- 1:1:1:1:1 1.58 
0.1 M (NH4)2S20s 
0.1 MZrOa2-1-0.1 M Sodium tungsute-I- 2:1:2:1:2 1.46 
0.1 M Disodium hydrogen phosphate + Aniline+0.4 M (NH4)2S20g 
0.1 M Sna4 -I- 0.1 M Disodium hydrogen phosphate -I-1 (K aniline -f- 1:2:1:1 1.96 
0.1 M K2S2O8 
10%aniline-t-0.1 M K2S20g-t-0.1 M cerkammonium nitrate-*- 1:1:1:2 1.45 
0.5 M Ammonium molytxlate 
Proposed material 
40 
40 
40 
41 
42 
43 
44 
The binding of polymer into the inorganic matrix can be explained as; 
~Qr-Q---
ZTP PANI 
""^y)~''"~yv-*~'" 
PAZTP 
In order to check the reproducibility of the prepared composite, it was synthesized five times under identical conditions of the 
concentration of reagents, mixing ratio and drying temperature. The composition and ion-exchange capacity and yield of each product 
were examined. The averages and standard deviation of the ion-exchange capacity and yield were found to be 4.52 meq g^' and ±0.03%, 
respectively. 
The effect of the size and charge of the exchanging ion on the ion-exchange capacity was also observed for this material. The 
alkali metals show a decreasing trend for the ion-exchange capacity (K^>Na'^>Li^) while the alkaline earth metal ions follow the 
order Ba^^  >Sr^ ^ >Ci^ ^ >Mg^ *. TThe size and charge of the exchanging ions affect the ion-exchange capacity of the exchanger. This sequence is 
in accordance with the hydrated radii of the exchanging ions (Table 3). Ions with the smaller hydrated radii easily enter the pores of the 
exchanger, which results in higher adsorption. According to Kossel [62], Coldschmidt [63] and Pauling 164] the attraction between cations and 
anions in ionic crystals obey Coulomb's law on the demands for ions of equal charge, a small ion will be attracted either to a greater force or held 
more tightly than a larger ion. Therefore, the ion-exchange capacity should increase with decreasing liydrated radii and increase with electric 
potential. 
The column elution experiments indicated that the concentration of the eluants depends on the rate of elution. It is evident from Fig. 1 that a 
minimum molar concentration of NaNOa was found to be 1.6 M for the PA-7 sample for the maximum elution of the H *^  ions from 1 g of the 
cation-exchanger. The elution behavior indicates that the exchange is quite fast as only 200 ml of the sodium nitrate solution (1.6 M) was enough 
to release all the exchangeable H^ from 1 g of the PAZTP sample within-4 h. The observation indicated that the exchange is quite fast as 
compared to other composite ion-exchangers of this class in spite of having a high ion-exchange capacity (Fig. 2). 
The nano-composite material of PAZTP appears to be a strong cation-exchanger, like other polyaniline composite, as indicated by its low 
pH value, i.e. 2.96 of the solution when no 0H~ ions were added to the system as evident from Fig. 3. On the other hand, the weak acidic 
groups are undissociated and thus inactive at this low pH. With the addition of NaOH, the solution is progressively neutralized and at the 
same time the ion-exchange comes to completion. Thus, the pH titration curve of this ion-exchanger showed a gradual rise in pH at the 
early stage of titration and a steep rise at the point of complete neutralization of the cation-exchanger i.e. strong acidic groups of the 
TaMe3 
Ion-exchange capacity of various exchanging ions on the PAZTP composite cation-exchanger column. 
Exchanging 
metal ions 
Na+ 
U* 
Mg^-
Ca^* 
Ba^' 
pHofthc metal 
solution 
6.30 
6.2 
6.9 
6.0 
6.5 
6.3 
6.2 
Ionic radii 
057 
1.33 
OSS 
0.78 
\06 
i27 
U3 
Hydrated ionic 
radii (A") 
2.76 
2.32 
3/40 
7.00 
6.30 
5.90 
Ion-exchange 
capacity (mcq/gm) 
4.52 
435 
252 
402 
4.20 
476 
5S5 
5-
4.5-
I 4^  
C " 3.5 -^  
i • 3 
• 5 0 2.5 
M E 
of ' 
I S 1.5^  
0.5-I 
0 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 
Concentration of NaNOs 
fig, I. Effect of eliunt concentratJon on the ion-exdunge capacity of the polyanrline zirconium titanium phosphate cation-exchanger. 
1.4 
I 1-2 
e 
« 1 
c 
£ 
5. 0.8 
o 
jS 0.6 
c 
« 1:; 
,0,0,1,0,0,8,0,8,9,8, 
10 30 50 70 90 110 130 150 170 190 210 230 
Volume of effluent (ml) 
Hg. 2. Elution behavior of the polyanillne zirconium titanium phosphate cation-exchan$:er. 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 
m moles of OH' Ions added 
Fig. 3. pH titration curves for the polyaniline zirconium titanium phosphate cation-exchanger. 
composite cation-exchanger are completely converted to the Na"*" form. The rate of the H"^ -Na^  exchange was faster than those of H"^ -K^  
and H^-Li^  exchanges. 
It was observed that sample PA-7 has a reasonable good stability in different chemicals. The chemical stability may be due to the presence of 
binding polymer, which can prevent the dissolution of heteropolyacid sols or leaching of any constituent element into the solution. The PAZTP 
composite was resisUnt to 8 M H2SO4,6.5 M HNO3, and 6 M HQ, only slight decomposition of phosphate group was observed. It was difficult to 
dissolve the material in organic solvents. Very feeble dissolution was observed in the alkaline medium also which shows that the material exhibit 
good chemical stability (Table 4), 
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Table 4 
Chemic j l stabil i ty o f PAZTP in various solvents. 
Solvent used (20 ml) Amount dissolved (mg/20 ml ) 
Zr(IV) Ti(IV) Phosphorus 
D M W 
1 MHCI 
2 MHO 
4 MHO 
6MHa 
1 M HNO, 
2MHNO3 
3.5 M HNO3 
5.5 M HNO, 
6.5 M HNOj 
1 M H2S0< 
2 M H2SO4 
4 M H^SO, 
8 M H2SO4 
O.IMNaOH 
IMNaOH 
0.1 M KOH 
1 MKOH 
10% Acetone 
10% Butanol 
10% Oimethylsulphoxide 
Din 
OM 
OM 
02i 
051 
0O6 
0.13 
0.32 
057 
0.86 
Oi» 
OJO 
0J3 
1X12 
OOi 
OM 
0J06 
0.66 
oao 
om 
0.02 
OiW 
om 
osa 
0.15 
0J2 
OM 
0.16 
0.28 
OM 
0.73 
0117 
0.12 
0.19 
0.74 
OiW 
036 
om 
033 
OJOO 
0JO2 
OJOO 
ODO 
0.052 
0.40 
1.01 
1.69 
0.14 
0,47 
IJ09 
\A2 
1.78 
0.17 
038 
1.12 
im 
0.21 
\2A 
0.38 
1/46 
0.11 
0.22 
0.31 
- . - PAZTP 
o PASnP 
-rr- PASnWAr 
-o- PASnArP 
25 50 100150 200250300 400 500 600 650700 
Heating temperature (°C) 
fit- '*- Comparison of heating effect upon the I.E.C of PANI based hybrid composite cation-exchangers. 
The weight percent composition of Zr, Ti, P, C H, 0 and N was found to be 15.9.8.17,9.82,13.32,2.95,47.52 and 2.32 which can suggest the 
tentative formula of the material: ' 
[(Z1O2) (TiOj) (\\?0,)j(-C^H(,m-)].nHj,0. 
Tables 
Effect of temperature on the ion-exchange capacity of the PAZTP composite cation-exchanger for 1 h. 
S.N0. Heating 
temperature 
(°C) 
Appearance 
(color) 
X Weight 
loss 
Na* ion-exchange 
capacity (meq/gm) 
% Retention 
of LE.C. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
50 
100 
150 
200 
250 
300 
400 
500 
600 
650 
700 
750 
Black 
Black 
Black 
Black 
Grayish bUck 
Grayish black 
Grayish black 
Grayish black 
Buff color 
Silvery white color 
Dirty white 
White 
-
1.65 
2.8 
5.4 
10 
17/4 
26.12 
30.2 
44 
51 
60 
68 
4,25 
4.25 
425 
400 
3 24 
244 
184 
1 12 
048 
014 
010 
0 
100 
100 
100 
94,11 
76.23 
54.22 
40.89 
24.48 
10.66 
3.11 
222 
0 
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Assuming that only the external water molecules are lost, at 250 T the -11% weight loss of mass represented by the TCA curve must be 
due to the loss of nH20. From the above structure the value of 'n' the external water molecules can be calculated using Alberti's 
equation [65J: 
18n 
' M 4 l 8 n 
X 100 (3) 
where X is the percent weight loss (-11%) of the exchanger by heating up to 250 X and (M + 18n) is the molecular weight of the material. The 
calculations give-4 for the external water molecule (n) per molecule of the cation-exchanger (PA-7). 
The superiority of the newly synthesized material PAZTP can be readily emphasized from Fig. 4. The material was found to possess good 
thermal stability as compared to other polyaniline composite cation-exchangers prepared so far as it mainiained 70% of its mass by heating up to 
500 °C. The weight loss starts from 100 °C but with respect to the ion-exchange capacity and appearance the material was found highly stable 
(Table 5) up to 150 °C and it retained about 76% of its ion-exchange capacity and 90% of its initial mass w ithout noticeable change in color and 
physical appearance till 250 X. It may be due to the loss of external water molecule and condensation of material. The results support the TGA 
studies. 
The TCA curve (Fig. 5) of the nano-composite PAZTP shows that up to 250 X only 11% weight loss was observed which may be due to the 
removal of external H2O molecules present at the surface of the composite materials [66). A steep weight loss in the PAZTP composite was 
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Fi(. 5. SimulUneous TCA-DTA curves of polyaniline zircxHiium tiunium phosphate (as prepared). 
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Hg. 6. FTIK spectra of as prepared (a) polyaniline, (bj zirconium titanium phosphate and (c) polyaniline zirconium titanium phosphate nano-composite cation-exchanger. 
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Fig. 7. Powder X-rjy diffraction pattern of the polyaniline zirconium titanium phosphate nano-composite (as prepared). 
Hg. 8. Transmission electron microphotographs (1XM) of (a) polyaniline. (b) zirconium titanium phosphate and (cj polyaniline zirconium titanium phosphate nano-composlte 
cation-exchanger showing different particle sizes. 
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observed between 250 °C and 350 °C due to conversion of inorganic phosphate into pyrophosphate. Further slow weight loss of mass about 6% in 
the PAZTP composite between 350 and 750 °C may be due to the slight decomposition of the organic niiaterial. From 750 °C onwards, a smooth 
horizontal line represents the complete formation of the oxide form of the material. A broad peak near 250 °C in the DTA curve shows that the 
reaction is exothermic during the change of the phase of the material. 
In the spectrum of PAZTP a strong broad band around 3500 cm"' was found which could be attributed to -OH stretching frequency. Peaks at 
1620 cm"' observed, may be due to interstitial water present in the composite materiaL The assemblies ijf peaks at 950-1100 cm"' in PAZTP are 
due to the presence of the ionic phosphate group [67] and peaks at 800 cm"' attributed to M-0 bonding.The additional band at about 1400 cm"' 
in PAZTP can be ascribed to the stretching vibration of C-N [68] indicating the presence of aniline in good amount and a band around 3000 cm"' 
may be related to the stretching of NH bonds of benzenic and quinonic rings [69] present in the material [Fig. 6{c)]. Further these vibration 
frequencies in Fig. 6(c) resemble the stretching vibration frequencies for C-N and NH bonds found in polyaniline [Fig. 6(b)l. These characteristic 
stretching frequencies are in close resemblance with the inorganic precipitate [Fig. 6(b)] and organic polymer [Fig. 6(a)| indicating the binding of 
polyaniline with ZTP and the formation of 'polymeric-inorganic' PAZTP composite. 
The X-ray diffraction studies of the composite cation-exchanger (PA-7) (as prepared) was carried out using Rigaku X-Ray powder diffractometer 
with Cu anode (K„ \ = 154186 A°) in the range of 20° < 26 < 80° at 30 Kv. Fig. 7 shows the typical XRD pattern of the sample at room temperature. It is 
evident from the XRD pattern that the material is formed in the semictystalline phase. The sharp peaks, match with the peaks of ZTP [70] and 
polyaniline [71.72] as reported. The suppositions of peaks confirm the nature and formation of the synthesized composite materiaL 
From TEM micrographs, the particle size of polymer polyaniline, inorganic precipitate ZTP and the polymeric-inorganic' PAZTP all lies in 
nanorange. The composite's particle size is in the range of 26 nm-52 nm (Fig. 8) which proves that the prepared cation-exchanger PAZTP is a 
nano-composite whereas the other polyaniline based cation-exchanger composites were not reported as nano-composite. 
The SEM images of polyaniline, inorganic precipitate ZTP and PAZTP (PA-7) at different magnifications are represented in Fig. 9 indicating the 
binding of the inorganic ion-exchange material with the organic polymer, i.e. polyaniline. It has been revealed that after binding of polyaniline 
with ZTP, the morphology has been changed. 
Fig. 9. Sunning electron microphotographs (SEM) of chemically prepared (a) polyaniline at the magnification of 3500x. (b) zirconium titanium phosphate at the magnification of 
3000X and (c) polyaniline zirconium titanium phosphate composite system at the magnification of 3500x. 
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Table 6 
Ka values of some meul ions on the PAZTP composite cation-exctunger column in different solvent systems. 
Meul 
ions 
Ba" 
Mff'-
Cu^+ 
Cd^* 
Co"* 
Sr^-
C^"^ 
Mn" 
Pb'* 
Hr'" 
Al^+ 
Ni^^ 
Cr'+ 
Th'" 
Zn^+ 
Fe^" 
Ionic 
radii (A°) 
1.35 
0.65 
032 
0.97 
0.72 
1.18 
1.00 
0.80 
1.18 
1.02 
1.87 
0.69 
0.76 
0.94 
0.75 
0.63 
Hydrated 
radii (A') 
5.90 
7.00 
1.10 
4.26 
-
4X)8 
6.30 
1.30 
1.19 
3.14 
2.08 
156 
2,45 
4.25 
DMW 
150 
127 
162 
159 
115 
70 
11 
67 
710 
1734 
10 
63 
86 
63 
42 
-
10-'M 
HNO, 
39 
65 
97 
29 
TA 
80 
75 
-
194 
355 
123 
117 
273 
-
45 
270 
10"^ M 
HNOj 
64 
25 
116 
79 
27 
38 
90 
-
600 
1000 
158 
49 
' 
124 
288 
-
10-^ M 
HNOj 
84 
54 
136 
29 
87 
48 
128 
26 
750 
TA 
150 
219 
200 
234 
48 
112 
10-'M 
H2SO4 
86 
46 
35 
33 
107 
312 
49 
-
liai 
387 
32 
140 
73 
-
-
255 
10"^ IM 
H2S0< 
95 
26 
101 
15 
81 
130 
149 
38 
345 
728 
18 
38 
75 
667 
26 
33 
10-'M 
Ha 
84 
33 
30 
-
50 
-
100 
-
64 
195 
-
90 
240 
17 
38 
80 
10"^ M 
HCl 
62 
45 
44 
93 
109 
16 
84 
-
230 
178 
105 
-
160 
189 
76 
106 
10"'M 
HCl 
250 
17 
155 
42 
146 
110 
162 
74 
434 
800 
6 
-
110 
108 
90 
-
PH 
5.75 
_ 
156 
226 
172 
1000 
189 
267 
132 
756 
1200 
167 
136 
490 
-
109 
56 
10% 
HCOOH 
32 
11 
80 
70 
-
47 
11 
120 
204 
79 
32 
-
220 
234 
-
10-^ M 
HCIO4 
163 
16 
24 
116 
76 
53 
92 
-
775 
1858 
26 
58 
75 
70 
118 
-
10% 
CjHsOH 
45 
46 
136 
525 
26 
22 
157 
84 
887 
TA 
-
79 
95 
187 
27 
127 
20% 
Acetone 
91 
44 
136 
263 
123 
-
-
48 
TA 
2000 
309 
-
-
215 
118 
229 
Buffer 10 
82 
400 
144 
580 
-
110 
290 
419 
225 
700 
308 
26 
200 
-
124 
146 
Table 6 shows the fcj values for metal ions in diverse solvents. Some factors that affect the distribution coefficient of cations are the charge, 
size, swellings, formation of complexes, nature of the chemical bond, soh^ent distribution and nature of the ion-exchanger. Three main factors 
that affect the ability of an ion to compete effectively with one another are the charge on the ioa its ionic radius and the hydrated energy of the 
competing ion. For an ion to be effective in a competition reaction its charge and hydration energy must be high and its radius should be smalL 
The radius of Hg^^ is 1.19 A° which is less than some metal ions but very similar to Plr^ ^ radii so they show the same behavior towards the 
material. The promising feature of the exchanger is its selectivity for Hg^^ and Pb^* ions. The small hydrated radii of Hg(ll) may be attracted 
T a b k 7 
Binary separation of metal ions achieved on the PAZTP column. 
Separation 
achieved 
Amount 
loaded (jig) 
Amount 
found (Mg) 
% Error Eluant used Volume of 
eluant (ml) 
Pb(1l) 
Hg(ll) 
Ni(ll) 
Hg(H) 
Cu(ll) 
Hg(ll) 
Co(ll) 
Hg(II) 
Al{lll) 
Hg{ll) 
Fe(lll) 
Hg(ll) 
Cd(ll) 
Hg(ll) 
Ba(ll) 
Hg(ll) 
6216 
4011.8 
1760.7 
3009 
2560 
4011 
1767.9 
4011.8 
8094 
4011.8 
1117 
4011.8 
3372 
4011 
2764/4 
3008.8 
6112.4 
3911.5 
1760,7 
3050 
2592 
3961.6 
1769 
4011.8 
802.65 
3961.65 
1115.5 
4011.8 
3366 
3961.6 
2746.4 
3014.25 
-1.6 
-2 .4 
0X1 
+ 1.3 
+ 125 
- \ 2 
-0J)6 
aa 
- 0 . 8 
- 1 . 2 
- 0 . 4 9 
0.0 
- 0 . 1 7 
- 1 . 2 
- 0 . 6 5 
- 0 . 1 8 
OXJlHNOj 
0.01 na 
Buffer 10 
0,01 HCl 
0.01HCI04 
OXllHO 
O.OIHNO3 
OiJlHO 
0i)1HNO3 
0.01 HO 
0i) lHaO4 
0.01 H a 
o.ooiHa 
oxiina 
0.01 HNO3 
o.oiHa 
50 
SO 
SO 
SO 
50 
50 
50 
SO 
SO 
SO 
SO 
so 
so 
so 
50 
50 
»-00IMHNOj b-OOlMHtl c-BottalO (MOlMHCIOj e=0001MHC1 
.\>. . i . . t . . a . . b . . t . . b . . i l . . b . . f _ _ b 
• 1*?• n M 
t a 4 M i n n « 2 t « a « M 0 2D«a)7*9( 0 S « M ? 8 « 0 a4M0?Dn ( S4MI1IM t ai40«-«« 0 a«MVMUt 
I j 
volume of eluant (tnO 
Fig, 10. Binary separations of Hg(ll) from Pb(ll), N)(ll). Co(ll). Cu(ll), Zn(ll), l<(lll). 01(11). and Ba(ll) on the PAZTP column. 
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FOOIMHNOJ b-OOOUIHKOj c=Bii««rlO il=O01MHC1O4 «=<100U1HC1 
0 20400) Ttva 0 2B40wni9« 0 20««iTOiia > 2>««r70« t a4MriM • at»miim 12i«ai''ifo o » « aiOMim 
Volume of eluantlrnl) 
F«, 11, Binary separations of Pb(ll) from Mn(ll). Ni(ll), Co(ll). Cu(ll). Zn (II), a(l l) . Ol(ll). and Ba(ll) on the PAZTP column. 
easily by co-ions (phosphates and amines) present in the matrix of the material. The differential iiehavior on the uptake of metal ions by the 
material in these solvent systems indicates the separation possibilities of certain metal ions of analytical interest from a given mixture. 
The separation capacity of the material has been demonstrated by achieving some important binary and ternary separations, viz. Hg(II)-
Cu(II). Hg(ll)-Co(II), Hg(fl)-Pb(Il). Hg{ll)-Fe{III). Hg(II)-Sr(II), etc. Table 7 summarizes the ialient features of binary separations. The 
sequential elution of ions through the column depends upon the metal-eluting ligand (eluent) stability. The weakly retained metal ions eluted 
first. The order of elution and eluants used for binary separation of Hg(ll) and Pb(ll) is shown in Figi.lO and 11 .The separations are quite sharp 
and recovery was quantitative and reproducible. The separation factor is the preference of the ion-exchangers for one of the two counter ion 
species. If the ion A is preferred, the factor is larger than unity, and if B is preferred, the factor is smaller than unity. The numerical value of 
the separation factor is not affected by the choice of the concentration units and it shows that the sanple is highly preferential and selective for 
Hg(ll)andPb(II)(Table8). 
Selective separation of Hg(II) and Pb(ll) from the synthetic mbcture containing [(Hg(l!), Mg(ll), iZz(l\), Zn(ll), Cd(ll). Sr(Il) and Mn(ll)l was 
achieved on a PAZTP column. The result obtained is summarized in Tables 9 and 10 which shows that selfctive Hg( 11) and Pb( II) ions can be separated 
Table 8 
Separation factor of different meul ions on the PA2TP composite cation-exchanger. 
Separation factor DMW 1X10-2 f^ j^Qo^ IxlO-'MHCI 1 X \0-' M HNO3 
oft 
aS 
CtCd 
0 
78.81 
13.65 
173.04 
27.52 
115.60 
14D9 
1.95 
1S1 
2.44 
6.75 
60 
11621 
71/46 
3104 
2444 
&S7 
17.18 
11.96 
1057 
5.97 
2739 
47J06 
0 
0 
1739 
8X)6 
557 
1,51 
46.80 
2.5 
35.71 
40 
6.32 
20.40 
58.82 
14.28 
13*) 
25 
16 
TaMe9 
Selective separation of Hg^ 
Amount of Hg'* 
loaded (pg) 
1380 
1776 
2072 
8280 
TaUelO 
Selective separation 
Amount of Pb^* 
loaded (t^) 
1241 
1758 
2069 
2134 
o f l V * 
" from 
from J 
a synthetic mixture containing Hg 
Amount of Hg''' 
found' ((ig) 
1335 
1665 
1923 
8080 
synthetic mixture containing i V ' , 
Amount of Ptr'* 
found' (pg) 
1199 
1680 
1820 
2121 
^M^g '^ 
Un^\B3 
D^'.Zn^^andCd^* 
% Recovery 
96.73 
93.75 
92.80 
97.7 
^\Zn'^ andCd^*on 
% Recovery 
96,60 
95.50 
91,39 
99.39 
on the PAZTP column. 
the PAZI? column. 
Eluant used 
0.01 MHCI 
0.C1 M HCI 
0.C 1 M HCI 
0,01 MHCI 
Eluant used 
0.01 M HNO3 
0.01 M HNO3 
0.01 M HNO3 
O.OI M HNO3 
Volume of 
eluant (ml) 
60 
40 
50 
50 
Volume of 
eluant (ml) 
60 
40 
SO 
30 
' Average of five replicate determinations. 
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out in real samples in the presence of other metal ions. The amount of 
the selective meul ions in the mixture was varied while keeping the 
amounts of the other metal ions consunt in the synthetic mixture. The 
rest of the procedure remains the same as discussed above. Such 
separations can also be utilized for the removal of specific metal ions, 
which may interfere in the determination of other certain metal ions. For 
example copper should be removed before the calorimetric determina-
tion of mercury by dithizone (Kolthoff 1961) and the interference of 
manganese is encountered in micro determination of lead by electro-
analytical method (Welcher 1966), Ternary separation was also 
achieved with a satisfactory result as shown in Fig. 12 which 
demonstrates the superior analytical behavior of this material than 
other reported polyaniline based organic-inorganic hybrid composite in 
separation science. 
4. Conclusion 
In this piece of work, a mercury selective advanced nano-
composite cation-exchanger polyaniline zirconium titanium phos-
phate synthesized by using an advanced inorganic ZTP, shows good 
ion-exchange capacity (4.52) as compared to ZTP (3,36) as well from 
other polyaniline based hybrid composites prepared so far in our lab. 
The TEM study proved the material as a nano-composite which 
20 40 «0 70 90 100 120 140 160 
Volume of eluant (ml) 
•.•>MI HCtO,( 
20 40 60 70 90 100 120 140 
Volume of eluant (ml) 
1,8 n 
1J6 -
- 1 4 -
< 1-2 
1 -
<^ 1 UJ ' 
o OS 
«» § OJS -
s > OJ 
0 ^ 
0 
• .ai lM HCt 
K "*'' 
\ 
J \ 1 \ 1 \ \ \ 
1 \ f V \ 
\ 
^ 
• . • I I M H M O ^ a.09%nmttnOf 
•^ ' ^ • ? ' / \ j ^^ 
/ \ 
J ^ 
/ \ 
'^ x/ \ N \ 
0 20 40 60 70 90 110 120 140 160 
Volume of eluant (ml) 
ng. 12. Elution curve? of the tenuty separation of metal ions on the PAZTP columa 
enhances the material capability in separation science for the 
detection and removal of toxic heavy metals in waste water. 
Comparative study shows that the prepared nano-composite 
(PAZTP) is bettei in ion-exchange as well as in electroanalytical 
behavior than other polyaniline based hybrid organic-inorganic 
composites prepared so far. 
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